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Abstract 
 
The mechanical behavior of PYSZ TBCs, deposited by EB-PVD and APS techniques, has 
been studied under thermal cyclic and isothermal loading. Two types of bond coats were 
chosen for the different multilayer systems: a single phase (Ni,Pt)-aluminide and a 
NiCoCrAlY overlay layer in the case of the EB-PVD and APS TBC respectively.  
The degradation of APS TBCs, i.e. crack evolution and oxidation kinetics during isothermal 
and thermal cyclic loading were systematically monitored and analyzed by means of scanning 
electron microscopy. Finally the life time results were summarized and compared with similar 
experiments previously described in literature. It was found out that isothermal and cyclic 
oxidation result similar damage mechanisms and oxide growth kinetics. In addition, 
isothermal oxidation of APS TBCs resulted in significant Al-depletion of the two-phase (+) 
NiCoCrAlY bond coat, which finally led to a completely -depleted microstructure. 
The influence of maximum temperature and specimen geometry, i.e. substrate curvature 
radius on the life time of EB-PVD TBCs has been investigated. As expected, higher 
maximum temperatures resulted in shorter life times of the multilayer system. Additionally, 
cylindrical specimens with smaller outer diameter revealed the fastest failure. The 
experimental results were described using an analytical approach, based on the principles of 
linear elastic fracture mechanics.  
In contrast to conventional microscopic damage analysis of APS TBCs, two non-destructive 
methods were applied for investigation of EB-PVD TBCs: 
- Grey scale analysis for the evaluation of thermal strains at the surface of EB-PVD 
TBC during cooling phase of the cyclic oxidation. 
- Infrared thermography for quantitative description of the delamination crack kinetics, 
especially environmentally assisted subcritical crack growth phenomena at RT in dry 
air and H2O. 
Curvature measurements at initially flat test pieces have been carried out for the evaluation of 
residual stresses. The curvature change as a function of temperature was measured by means 
of a high temperature telescope system and an optical fleximeter respectively. From these 
results, the thermoelastic behavior of the EB-PVD TBC system as well as the residual stress 
distribution were calculated, basing on the main principles of elastic bending theory. 
Experimental results show a fairly good agreement with modeled curvature in the elastic 
regime. 
 
 Kurzfassung 
 
Das mechanische Verhalten von elektronenstrahlaufdampften (EB-PVD) und plasma-
gespritzten (APS) Y2O3 teilstabilisierten ZrO2 (YSZ) Wärmedämmschichten (WDS) wurde 
unter thermozyklischen und isothermischen Belastungen untersucht. Es wurden zwei Arten 
der Haftvermittlerschicht (HVS) gewählt: Einphasige (Ni,Pt)-Aluminide im Fall von EB-PVD 
und NiCoCrAlY für APS WDS. 
Die Rissausbreitung und Oxidationskinetik von APS WDS bei isothermer und zyklischer 
Belastung wurden mit REM systematisch beobachtet und analysiert. Die Lebensdauern 
wurden mit ähnlichen Daten in der Literatur verglichen. Es zeigte sich, dass sich bei 
isothermer und zyklischer Oxidation ähnliche Versagensmechanismen ergeben. Zusätzlich trat 
in den zweiphasigen HVS (+) bei isothermer Oxidation massive Aluminiumverarmung auf, 
was letzendlich zu einer vollständig -verarmten Mikrostruktur der HVS führte. 
Der Einfluss der Maximaltemperatur und des Krümmungsradius der Proben auf die 
Lebensdauer von EB-PVD WDS wurde untersucht. Wie erwartet, verursachen höhere 
Maximaltemperaturen kürzere Lebensdauern. Außerdem wiesen die zylindrischen Proben mit 
dem kleinsten Durchmesser das schnellste Versagen auf. Die experimentellen Ergebnisse 
wurden mit einem analytischen Modell auf der Grundlage linear elastischer Bruchmechanik 
beschrieben. 
Im Gegenteil zu konventioneller Licht- und Rasterelektronenmikroskopie von APS WDS  
kamen zwei zerstörungsfreie Prüfverfahren zur Untersuchung der EB-PVD WDS zum 
Einsatz: 
- Grauwertkorrelationsanalyse zur Ermittlung der thermischen Dehnungen an der WDS-
Oberfläche während der Kühlung. 
- Infrarot Thermographie zur quantitativen Beschreibung der Delaminationsrisskinetik 
bei Raumtemperatur im Laborluft und bei Einwirkung von H2O.  
Anhand von Krümmungsmessungen an Flachproben wurden Eigenspannungen anhand der 
elastischen Biegetheorie berechnet. Die experimentelle Ergebnisse zeigen gute 
Übereinstimmung mit der modellierten elastischen Krümmung. 
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1 INTRODUCTION AND PROBLEM DEFINITION 
Modern gas turbines for power generation and aero-engine application experience continuous 
efforts towards an increase in thermal efficiency. From the materials point of view particular 
focus is directed to the gas turbine blades (Fig.1.1) and vanes, especially of the first stage, 
which must withstand not only mechanical loads, but also the high temperature exposure and 
oxidation attack. Due to the good mechanical properties of nickel-based superalloys, e.g. high 
strength up to 1000°C and resistance against high temperature inelastic deformation, they are 
widely used for the structural components of the high temperature turbine section.  
In order to protect the base material of turbine blades against high temperature oxidation and 
corrosion, two types of metallic coatings are typically applied, which are known to form dense 
protective oxide scales: Aluminides or Pt-modified aluminide coatings are normally applied 
by pack cementation and NiCoCrAlY, CoCrAlY, NiCrAlY –  layers are coated by vacuum 
plasma spraying (VPS), low pressure plasma spraying (LPPS) or high velocity oxyfuel 
spraying (HVOF). 
The ceramic thermal barrier coatings (TBCs) are applied on top of the oxidation protection 
layer either by electron beam physical vapour deposition (EB-PVD) technique or by air 
plasma spraying (APS). In combination with internal cooling of the blade, TBCs provide 
reduction of the substrate temperature and therefore the possibility of increasing the turbine 
inlet temperature and/or decreasing the cooling air mass flow. 
Modern stationary power-generating gas turbines (Fig.1.1) have additional film cooling and 
operate at a gas inlet temperature of about 1400 °C, which is more than 100°C above the 
melting point of the substrate. Currently efficiencies in the range of 38% and powers up to 
250 MW are achieved, but efforts are underway to increase efficiency above 50%. 
However, thermal barrier coating systems are currently not exposed to the limits of 
mechanical integrity under service conditions, since the failure mechanisms are not yet fully 
understood and thus the life-time of the coating system cannot be predicted sufficiently 
reliable. Such a conservative approach appears justified considering the  number of factors 
which can substantially influence spallation of the top coat and ultimately component failure: 
- residual stresses due to the deposition process of the coatings, 
- thermal stresses due to the difference of thermal expansion coefficients between metallic 
substrate and ceramic top coat,  
- high temperature plasticity or creep due to residual stresses and applied mechanical loadings, 
- residual stresses due to bond coat oxidation processess, e.g. thermally grown oxide (TGO) 
formation, 
- interdiffusion of elements between substrate and bond coat, 
- sintering processes in the TBC, 
- crack formation and propagation.  
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Figure 1.1– a) Siemens gas turbine SGT6-4000F (rotor and a part of combustion chamber) 
with 38% efficiency and power output of about 180 MW; b) Single-crystal 
turbine blade with thermal barrier coating and holes for film cooling. 
The general expectation of higher gas turbine efficiency in future definitely requires in-depth 
understanding of all factors influencing TBC failure and lifetime. In this framework, thermo-
mechanical characterization and description of the failure processes is a prerequisite for life 
time modeling. 
The present work is aimed to contribute to a better understanding of the mechanical behavior 
of thermal barrier systems for advanced gas turbines. Both experimental results and modeling 
efforts are presented with respect to the following tasks. 
 Investigate TBC systems with different bond coats and two types of ceramic top coatings, 
deposited by APS and EB-PVD techniques under cyclic oxidation conditions up to failure.  
 Apply established and sophisticated novel characterization methods to investigate the 
failure mechanisms, including crack driving forces, crack kinetics and residual stresses. 
 Compare the investigated APS and EB-PVD thermal barrier systems. 
 Describe the EB-PVD life time results in terms of an analytical approach. 
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2 LITERATURE REVIEW  
2.1 Thermal Barrier Coating System 
Typical systems with thermal barier coatings (TBCs) consist of a ceramic overlay coating 
(ZrO2, stabilized by 7-8% Y2O3) and an aluminium-rich oxidation resistant metallic layer, also 
called bond coat, deposited onto the Ni-based single crystal substrate. Bond coats of two 
different types are normally applied: MCrAlY (where “M” is Ni,Co) and Ni-aluminides (often 
Pt-modified). 
Ceramic thermal barrier coatings are deposited either by atmospheric plasma spraying (APS) 
[1] or by electron-beam physical vapour deposition (EB-PVD) [2].  
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Figure 2.1 – Schematic of TBC microstructure in a thermal barrier coatings deposited by APS  
and EB-PVD techniques.  
The low-cost air plasma spraying process (APS) generates the TBC coating by melting the 
yttria-stabilized zirconia (YSZ) powder into droplets within a plasma jet and impinging these 
droplets onto the bond coat surface. In order to have better interlocking adhesion a rough bond 
coat surface is advantageous. A common feature of plasma sprayed TBCs is their lamellar 
grain structure (Fig.2.1), resulting from the fact, that molten particles impact the substrate, 
deform and rapidly solidify in individual splats. In the splats a columnar grain substructure in 
the direction perpendicular to the lamellar plane is often observed. 
The microstructure of plasma sprayed coatings contains many defects, e.g. large globular 
pores as well as microcracks between and within the individual splats. The orientation of the 
cracks and pores normal to the heat flow reduces the thermal conductivity of the ceramic 
coating from 2.3 W*m-1*K-1 for a fully dense YSZ-material to 0.8 – 1.7 W*m-1*K-1 [3].  
In contrast TBCs deposited by EB-PVD have a columnar microstructure (Fig.2.1). The 
columnar grains are oriented predominantly parallel to the vapor flux and normal to the 
substrate surface [4]. In the EB-PVD process, focused high-energy electron beams generated 
from electron guns are directed to melt and evaporate ingots as well as to preheat the substrate 
inside the vacuum chamber. The vapor cloud condenses on the rotating component and forms 
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the coating. The solidified particles have a limited mobility because of the low thermal energy 
of the vapor species, leading to shadowing effect and formation of layers within the columns, 
resulting in a typical feather-like structure [5]. 
The disconnected columns impart excellent strain tolerance, because they can separate, 
accommodating thermal expansion mismatch [6]. The bond coat surface is kept smooth for 
deposition, since PVD process provides good chemical bonding. 
For overlay MCrAlY bond coats typically thermal spraying methods are applied, particularly 
low pressure plasma spraying (LPPS), vacuum plasma spraying (VPS) or high velocity 
oxyfuel spraying (HVOF). Diffusion aluminide coatings can be deposited using methods of 
pack cementation or chemical vapor deposition (CVD). 
During high temperature exposure in service, the metallic coating oxidizes and a protective 
thin layer of -alumina is formed, consuming Al from the bond coat [7-11]. Additional 
interdiffusion processes at the interface between substrate and bond coat lead to 
microstructural changes. 
The durability of TBC system depends on the physical and mechanical properties of each 
individual layer. The material selection for the substrate, bond coat and ceramic top coating 
are therefore described in more detail in the following sections. 
2.1.1 Ni-based superalloys 
Over the past 50 years nickel-base superalloys [12, 13] have been developed for use in the hot 
zones of modern stationary gas turbines. Currently, no other commercially available metallic 
materials are able to offer such a good combination of high-temperature strength and 
microstructural stability, resistance to fatigue and oxidation as well as high stiffness all 
provided by these alloys [14].  
The microstructure of Ni-base superalloys is based on a  (Ni) - matrix, that usually contains 
Co, Fe, Cr, Mo, W in solid solution. The second dominant phase is intermetallic ’ Ni3(Al,Ti), 
which coherently precipitates within the austenitic -matrix.  
Two main mechanisms are known for the strengthening of Ni-base superalloys: solid solution 
and precipitation hardening. The former prevents the dislocation motion by distortion of the 
crystal lattice of the matrix [15]. Cr, Al and refractory elements, such as W, Mo, Ta are 
important solid solution hardeners for Ni-base superalloys, since these elements have a wide 
range of solubility in -matrix and significant difference in atomic size with the matrix. 
However high content of Cr leads to the reduction of creep strength [16]. As soon as the 
maximum solubility of the austenitic matrix achieved, precipitation of topologically close 
packed TCP phases [17], such as , , χ or Laves phases can occur. These phases are known 
to have a detrimental effect on the mechanical properties of the superalloy. 
The precipitation hardening is induced by the precipitation of such strengthening phases as ’-
phase as well as of borides or carbides. 
Basically there are two main groups of Ni-base superalloys - cast and wrought.  
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Wrought superalloys are usually more ductile than cast alloys. This advantage allows to 
produce certain larger shapes, such as turbine discs. Both, solid solution and precipitation 
hardening (carbide, ’ and ''(Ni3Nb) phases) are usually applied for this type of superalloys. 
This phase provides very high strength at low to intermediate temperatures, but it is unstable 
above 650°C. Among commercially available wrought Ni-base superaloys there are several 
with excellent long term performance at 700°C and above. Ni-Fe base polycrystalline alloy 
IN706, containing about 20% of '' is widely used in gas turbine disc application [18]. Cast 
alloys are normally used, as a structural material for the turbine components with a 
complicated shape, like blades and vanes. Cast alloys can be polycrystalline (conventionally 
cast – CC) as well as directionally solidified (DS) or single crystal (SC). 
Fig. 2.2 illustrates, that CC equiaxed superalloys have the lowest creep resistance, compared 
to DS and single crystal alloys.  
 
Figure 2.2 - Comparison of the creep strain of conventionally cast, directionally solidified and 
single crystal superalloys [19] 
The microstructure of DS superalloys consists of columnar grains with a longitudinal axis in 
<001> direction. Alignment of grains, oriented parallel to the stress axis reduces the damage 
relevant grain boundaries and increases ductility at higher temperatures [20]. Additionally the 
grain alignment provides a preferred low-modulus <001> orientation, parallel to the 
solidification direction, which increases fatique resistance. Therefore a significant anisotropy 
of properties is obtained for this class of Ni-base superalloys. Thus, for example, the highest 
and the lowest values for elastic modulus correspond to the crystalographycal directions 
<001> and <111> respectively [21]. As far as most failures of Ni-superalloys under creep 
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loading originate at the grain boundaries, further improvement in properties is gained by the 
application of SC superalloys. They are free from γ/γ´ grain boundaries and provide a higher 
service temperature (above 1000°C) for the structural components, such as turbine blades. 
Fig. 2.3 shows the increase of maximum operating temperatures correlated with the 
development of wrought, CC, DS and single crystal Ni-base superalloys. Wrought superalloys 
reveal the lowest service temperatures, whereas single crystal alloys can be applied for the 
components, working at temperatures higher than 1000°C. 
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Figure 2.3 – Increasing of service temperature  by development of Ni-based superalloys 
As it is shown in Table 2.1, in principle all single crystal Ni-base superalloys of 1st, 2nd and 3rd 
generation have similar chemical composition except a systematically different content of Re, 
leading to an improvement of creep strength reflected by the application temperature in 
Fig.2.3 and fatique resistance. There is no Re in the single crystal superalloys of 1-st 
generation, while addition of 3 and 6 wt% of this element was chosen in the superalloys of 2-
nd and 3-d generation respectively. It is claimed that Re reduces the overall diffusion rate in 
nickel-based superalloys. The content of Cr, Ti and Hf is also different for various generations 
of superalloys. 
The fourth-generation of CMSX alloys contains the transition metal, ruthenium, in addition to 
rhenium. Ruthenium addition has been found to prevent instability of the microstructure 
during prolonged service exposure, particularly with regard to the precipitation of 
topologically close-packed phases. 
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Table 2.1- Single-Crystal Superalloys, nominal compositions (wt%) [22] 
Cr Co Mo W Ta Nb Al Ti Hf Re
PWA1480 10 5 0 4 12 - 5 1,5 0 -
Rene N4 9 8 2 6 4 0,5 3,7 4,2 0 -
SRR99 8 5 0 10 3 - 5,5 2,2 0 -
RR2000 10 15 3 0 0 - 5,5 4 0 -
AM1 8 6 2 6 9 - 5,2 1,2 0 -
AM3 8 6 2 5 4 - 6 2 0 -
CMSX2 8 5 0,6 8 6 - 5,6 1 0 -
CMSX3 8 5 0,6 8 6 - 5,6 1 0,1 -
CMSX6 10 5 3 0 2 - 4,8 4,7 0,1 -
AF56 12 8 2 4 5 - 3,4 4,2 0 -
CMSX4 7 9 0,6 6 7 - 5,6 1 0,1 3
PWA1484 5 10 2 6 9 - 5,6 0 0,1 3
SC180 5 10 2 5 9 - 5,2 1 0,1 3
Rene N5 7 8 2 5 7 - 6,2 0 0,2 3
CMSX10 2 3 0,4 5 8 - 5,7 0,2 0,03 6
Rene N6 4,2 12,5 1,4 6 7,2 0,1 5,75 0 0,15 5,4
TMS75 3 12 2 6 6 - 6 0 0,1 5
TMS113 2,89 11,93 1,99 5,96 5,96 - 6,56 0 0,1 5,96
1st Generation
2nd Generation
3rd Generation
 
CMSX-4 is a currently often used structural material for thermo-mechanically loaded turbine 
blades and vanes. It belongs to the second generation of single crystal superalloys containing 
about 3 wt% of Re and about 70 vol% of ’-particles (Fig.2.4).  
´

 
Figure 2.4 - The SEM-microstructure of as-received single crystal CMSX-4 
Residual stress relevant mechanical properties of the single crystal CMSX-4 along <001> are 
listed in Table 2.2. 
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Table 2.2 – Mechanical properties of CMSX-4 along <001> [23] 
RT 200°C 400°C 600°C 800°C 900°C 1000°C
α [ 10^-6 1/K ] - 12 12,6 13,7 14,5 15,1 15,8
E [GPa] 122 116 109 103 94,5 89,3 82,9
μ (Poisson´s ratio) 0,36 0,37 0,37 0,37 0,38 0,38 0,39
CMSX-4
 
2.1.2 Metallic Bond Coat 
The bond coat provides protection of the base material against oxidative attack and hot gas 
corrosion, due to the formation of a thin thermally grown oxide scale (TGO) under service 
conditions. The bond coat also provides the adhesion between substrate and TBC. Two main 
groups of bond coats are currently state-of-the-art: diffusion aluminide coatings and overlay 
MCrAlY bond coats. APS TBCs usually employ a MCrAlY bond coat, while both diffusion 
aluminide and MCrAlY bond coats are applied for EB-PVD TBC systems. Both types of 
metallic coatings feature a high content of Al, which enables the formation of a stable Al2O3 
scale providing good oxidation resistance. The alumina-TGO has a low growth rate, a dense 
hexagonal close-packed crystal structure, which is stable between room temperature and 
melting point. Chromia scales are also used, but they offer less protection at temperatures 
above 850°C. However Cr2O3 is preferred in the temperature range between 650 and 750°C in 
order to protect the metallic coating against hot corrosion. Fig. 2.5 shows the qualitative 
relationship between oxidation resistance of different bond coat materials, the Cr content and 
the corrosion resistance.    
 
Figure 2.5 – Comparative corrosion and oxidation resistance of bond coats [24] 
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In addition to oxidation/corrosion protection, the bond coat, which is ductile at high 
temperature, also provides significant compensation of the thermal expansion misfit between 
the metallic substrate and the ceramic top coat [25].  
Diffusion aluminide coatings are based on the intermetallic phase β-NiAl, which is stable at 
room temperature, if the content of Ni is between 45 and 59 at.%. As shown on the Ni-Al 
phase diagram (see Fig.2.6), an ordered structure of the β-phase remains stable up to melting 
temperature. 
Ni-Al coatings are commonly applied by pack cementation method, as well as chemical vapor 
deposition (CVD) [26]. The pack for aluminizing consists of the component to be coated 
(substrate), the master alloy (a powder containing Al particles) to be deposited, a halide salt 
activator (NaCl, NH4Cl, NaF) and a relatively inert filler powder consisting of Al2O3. The 
parts to be coated are immersed in the powder mixture of master alloy, filler and halide 
activator. Then the pack is heated up to 1150oC in argon or H2 atmosphere. At the elevated 
temperatures, Al reacts with the halide activator producing volatile metal halides, which 
diffuse through the gas phase of the porous pack to deposit on the substrate.  
 
 
Figure 2.6 – Binary phase diagram of the Ni-Al system [27] 
With respect to the activity of Al maintained at the surface of substrate metal there are two 
categories of aluminides: low and high Al-activity bond coats. In bond coats with low Al 
activity the content of Al in the master alloy powder is < 50 at%. The formation of the coating 
occurs mainly by outward diffusion of Ni from the base material, and results in the formation 
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of a NiAl layer. The process requires high temperature (1000 - 1100oC). The high Al activity 
bond coats (> 50 at% Al in the master alloy powder) are formed mainly by inward diffusion of 
Al, resulting in a Ni2Al3 surface layer. In order to convert this brittle surface layer to β-NiAl a 
further heat treatment is required, normally up to 4 hours at 1080°C. Aluminizing 
temperatures in this case can be lower (700-950oC) than for low Al-activity coatings. More 
extensive description of the deposition methods of diffusion coatings is given in literature [28-
30].  
Usually aluminide bond coats are manufactured with a thickness between 30 and 100 m. The 
substrate composition strongly influences the final microstructure of the system, and thus the 
physical and mechanical properties of diffusion coatings [31].  
The idea of introducing a diffusion barrier leads to the application of Pt-aluminide coatings.  
(Ni,Pt)Al bond coats are manufactured by similar methods as aluminides, but before 
aluminizing a thin (5-10 m) layer of Pt is deposited by electroplating, followed by heat 
treatment in order to diffuse the Pt into the base material. The modification of Ni-aluminide 
bond coats by Pt additions has a several advantages:  
- Pt significantly improves the resistance against high-temperature oxidation and hot corrosion 
[32]; 
- Pt increases the coating stability [32] by reducing inward diffusion of Al as well as outward 
diffusion of Ni and refractory elements like Mo, V, Ta, W; 
- Pt increases the diffusivity of Al in the outer region of the bond coat, resulting the formation 
of a purer Al2O3 TGO [33]; 
- Pt improves oxide adherence [34].  
Consequently low Al activity (Ni, Pt)Al coating in the as-received state is also single Ni-rich 
-phase material (Fig. 2.7). When applied on the Re-containing superalloys of the second 
generation (for example CMSX-4), Pt forms TCP (topologically close-packed) phases with 
some elements of the substrate (Re, W, Mo, Cr) [35]. Fig. 2.7 illustrates the distribution of 
TCP phases in the interdiffusion zone. 
(Ni,Pt)Al
NiAl Cr,Ti,Ta,W rich phase
Interdiffusion zone
 
Figure 2.7 – SEM-microstructures of as-received (Ni,Pt)Al bond coat [36] 
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After long high temperature exposure the depletion of Al due to the formation of Al2O3 scale 
and interdiffusion with the superalloy, leads to phase transformations from the as-deposited -
(Ni,Pt) Al to the martensite and ´ -Ni3Al [37] at sufficiently fast cooling rates. The phase 
equilibria for the ternary Ni-Pt-Al system are shown in Fig. 2.8. This diagram has been 
experimentally determined by Gleeson et.al. [38] and illustrates all possible phases for the 
current bond coat chemical composition at 1100°C.  As martensite reactions are commonly 
accompanied by volume changes, this could contribute to rumpling of (Ni,Pt)Al bond coats 
during thermal cycling [39]. 
The martensite phase exists in NiAl at the temperature range between room temperature and 
300°C, but the addition of Pt, Co, and Cr in the (Ni,Pt) Al bond-coat increases the transition 
temperature to 600°C [40].  
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Figure 2.8 – Ni-Al-Pt phase diagram at 1100°C [38] 
In contrast to aluminides, the microstructure and chemical properties of MCrAlY coatings are 
less sensitive to the chemical composition of the base material. The “M” of MCrAlY stands 
for either Ni or Co, or a combination of both (when applied to steels, it can also be Fe), 
depending on the type of superalloy.  
Overlay bond coats are normally deposited by low pressure plasma spraying (LPPS), vacuum 
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plasma spraying (VPS) or high velocity oxyfuel spraying (HVOF).  
With respect to chemical composition of MCrAlY coatings and operating temperatures the 
formation of different phases is possible: 
NiCrAlY : , γ and γ´ - heterogeneous microstructure, Cr-rich - and -phases;  
NiCoCrAlY : γ, γ´, , Cr-rich - and -phases [41]. 
NiCoCrAlY coatings of classic composition contain about 20-22 wt.% Co in order to provide 
a ductile behavior at lower temperatures and increase the creep resistance [41]. Moreover, Co 
influences the microstructure, enlarging the two-phase field (β-NiAl + γ-Ni solid solution). Co 
substitutes Ni in γ’-phase and thus higher amount of Ni can be dissolved in -phase. Al 
content of 8-13 wt.% guarantees the predominant formation of  dense and adherent alumina 
scale, whereas Cr content is mainly below 20 wt%. 
NiCoCrAlY coatings typically contain up to 1 wt% Y, which enhances the adherence of the 
oxide layer [42]. Different mechanisms were proposed to explain the beneficial effect of Y on 
the growth and adherence of Al2O3 scales, such as: pegging [43], increasing scale plasticity 
[44], grading the differences between mechanical properties of the scale and the substrate 
[45], modification of the scale growth mechanism [46], improving chemical bonding between 
the scale and the substrate [47]. However, there are several studies, which illustrate, that Y 
can be also detrimental for oxide adherence [48, 49]. Yttrium incorporates into the compact 
alumina TGO scale and as a result of internal oxidation forms Y2O3 precipitations, which is 
accompanied by Y-depletion process in MCrAlY bond coat. If the yttrium concentration has 
been decreased beneath a critical level, its positive effect on TGO adherence is lost, resulting 
in TGO spallation [50]. Addition of another reactive elements, like Hf plays a similar role.  
2.1.3 Physical and mechanical properties of bond coat   
In literature Young´s modulus of different NiCoCrAlY bond coats can vary between 140 and 
230 MPa at room temperature and between 60 and 130 GPa at 1000°C. Young’s modulus of 
(Ni,Pt)Al bond coats is lower, for some Pt-modified aluminides the room temperature value 
can be 115 GPa [51].   
Both overlay NiCoCrAlY bond coats and (Ni,Pt)Al posses similar thermal expansion 
coefficients at room temperature of 13-16*10-6 1/K. At higher temperatures they show 
significant variation in thermal expansion behavior as a function of chemical composition and 
temperature (Fig.2.12, 2.13). 
Metallic bond coats, as most of the intermetallic phases are brittle at low temperatures and 
ductile at high temperatures. In the case of (Ni,Pt)Al coatings, the ductile-to-brittle-transition-
temperature (DBTT) ranges from 600 to about 750 °C. The transition temperature depends on 
the thickness of the coating as well as on the Al content.  
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Figure 2.10 - Comparison of the CTE curves for NiCoCrAlY alloys and a single-crystal Ni-
base superalloy [52] 
 
 
Figure 2.11 - Comparison of the CTE curves for (Ni,Pt)Al and NiAl [52] 
The MCrAlY bond coats are known to show a somewhat less brittle behavior, than that of 
aluminides. Their ductility depends on the Al content. The ductile-to-brittle transition 
temperature varies from 200 °C for low Al coatings (6-9 wt.% Al) to 700 °C for Al-rich 
NiCoCrAlY coatings (12 wt.% Al) [53]. Higher contents of Co, Ni and Al increase the DBTT 
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of NiCoCrAlY bond coats, because the volume fraction of -phase gets lower and thus the 
plasticity at low temperatures is decreased.  
At low temperatures NiCoCrAlY bond coats have high yield strength, frequently higher, than 
the value of many superalloys. Above 500°C the strength of bond coat decreases dramatically 
[54]. At higher temperatures yield strength and fracture strain of NiCoCrAlY bond coats 
strongly depend on the deformation rate.  
Above the DBTT time dependent deformation processes, e.g. creep, become of major concern 
in NiCoCrAlY bond coats. The bond coat ductile deformation leads to partial strain separation 
between the base material and TBC [55]. There are no data available in literature with respect 
to the systematic analysis of creep properties of NiCoCrAlY bond coats, deposited on the 
substrate matrix. However experiments with free-standing NiCoCrAlY bond coats show very 
high creep rate of about 10-3s-1 at 850°C and 100 MPa [56].   
2.1.4 Ceramic top coat 
In order to withstand high thermal and mechanical loading during service thermal barrier 
ceramic coatings must posses low thermal conductivity, high temperature resistance, 
appropriate thermal expansion coefficient, strain tolerance, chemical stability, corrosion and 
oxidation resistance.   
 
Figure 2.12 - The thermal conductivity of several ceramic materials, including ZrO2 [10] 
ZrO2 has a low
 thermal conductivity at elevated temperature (Fig. 2.12). In combination with 
a high thermal-expansion coefficient - 9·10-6 …11.5·10-6 K-1 [56], which is not too far to the 
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value of underlying substrate (~12 · 106 K-1) ZrO2 is the
 base material of choice for the 
ceramic top-coats of high temperature components.  
Depending on temperature pure ZrO2 can exist in different crystallographic modifications, as 
shown in the phase diagram of ZrO2-Y2O3 (Fig. 2.13). Between the melting point (2680°C) 
and 2370°C pure zirconia has a cubic symmetry. Tetragonal structure is stable in a 
temperature interval between 2370°C and 1170°C. During cooling down at temperatures 
below 1170°C martensitic transformation to monoclinic phase takes place with a volume 
expansion of about 4 vol.% [56]. To prevent this, oxides (dopants), such as Y2O3, CaO, Sc2O3, 
Yb2O3, MgO are normally added to zirconia to stabilize the high temperature cubic or 
tetragonal phases. 7 wt% Y2O3 partially stabilized ZrO2 (7YSZ) is by far the most applied 
material for thermal barrier coatings [57, 58].  
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Figure 2.13 - Phase diagram ZrO2-Y2O3 [59] 
The two methods of YSZ deposition (EB-PVD and APS) produce not only different 
microstructures (Fig. 2.14), but result also in various properties of the coating. 
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EB-PVD TBC
 
Figure 2.14- Cross-sections of plasma-sprayed and EB-PVD ZrO2-8wt%Y2O3 [60] 
2.1.4-I. EB-PVD TBC 
The EB-PVD technology is based on the transformation of high kinetic energy of electrons 
(electron beam) into thermal energy in order to melt and evaporate the coating material 
(ingot). A vacuum of 10-2 Pa or better is required for the process, although some amount of 
oxygen is also necessary in order to get the stoichiometric composition of the ceramic coating. 
The ceramic coating material is deposited on the surface of pre-heated components, positioned 
above the vapor cloud (see Fig. 2.15). The substrate pre-heat temperature varies between 950 
and 1050°C, depending on the substrate material.  
There are three different modes of the EB-PVD process: perpendicular/oblique stationary 
mode, oblique rotating mode, and conventional rotating mode. The rotation modes during EB-
PVD process are applied in order to get a coating with homogeneous thickness on components 
with complicated geometry, such as turbine blades [61]. Some investigations reveal that the 
relative position of the substrates to the ingot influences the final microstructure of the coating 
[62].  
Coatings with thickness up to 300 m can be deposited by EB-PVD process, thicker layers 
exhibit abnormal grain growth [63].  
The EB-PVD coatings typically exhibit a columnar structure with fine scale of porosity within 
the individual columns [2] (Figure 2.16). The columnar structure provides high strain 
tolerance [64]. In case of rotating mode, the porosity and structure of the columns are 
additionally influenced by rotation of the component during the deposition process compared 
with the stationary mode. Rotation speed influences the shadowing effect between 
neighboring columns, which is accountable for the number, size and shape of the created 
intra-columnar pores, voids and the inter-columnar gaps [65]. 
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Figure 2.15 - Schematic drawing of the principal components in an EB-PVD process [65] 
10 m
Intercolumnar gap
Intracolumnar pores
 
Figure 2.16 - SEM-micrographs showing the columnar structure of EB-PVD coatings [65] 
TBC coatings deposited by conventional rotating EB-PVD method exhibit an 
inhomogeneously layered microstructure. First a thin layer (thickness of 0.1 μm) with 
equiaxed grains of about 30 nm diameter is normally formed close to the interface between 
the ceramic and bond coat (Fig.2.17). As far as most EB-PVD TBCs fail at this interface the 
equiaxed zone is of a great importance. Some authors explain the presence of this zone with 
nanosized crystals in the coating by the sub-stochiometric evaporation conditions, e.g. 
reduced oxygen supply [66].  
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Figure 2.17 - TEM micrograph of a typical equiaxed root zone in EB-PVD zirconia [67] 
Directly above the equiaxed zone a layered structure is apparent. The thickness of the layers 
depends on the rotation conditions. Within each layer bent columnar crystals of about 200 nm 
thickness and 30 to 50 nm diameter are clearly visible [62]. After some microns of growth the 
number of columns decreases while their diameter increases. Crystals with the direction of 
fastest growth more or less perpendicular to the substrate grow at the expense of less 
favorably oriented ones. This leads to the well known columnar structure with 
crystallographic texture. Also a strong texture in the properties can be found [64]. 
The main physical and mechanical properties of EB-PVD TBCs are listed below: 
- thermal conductivity λ~1.5-1.9 Wm-1K-1, 
- linear thermal expansion coefficient α varies between 9·10-6 K-1 for room temperature and 
12·10-6K-1 at 1100°C, 
- Young’s modulus of EB-PVD YSZ is in comparison with fully dense material lower and can 
vary between 150 GPa at RT and 22-54 GPa at 1100°C. Young’s modulus depends on the 
intercolumnar gaps, thermal expansion of the base material and heat treatment [68]. 
2.1.4-II. Plasma sprayed TBC 
Plasma spraying is a relatively inexpensive technique for producing ceramic coatings. During 
the process solid particles are injected into a plasma jet. There they are heated up to 
temperatures of more than 4000°C, melt and are accelerated towards the substrate by an 
electrostatic field. There are three main modes of plasma spraying: air plasma (APS), vacuum 
plasma (VPS) and low pressure plasma spraying (LPPS). Ceramic coatings, such as YSZ are 
usually deposited in air. The following parameters may influence the final microstructure of 
deposited coating: density of the ceramic powder, particle sizes, particle morphologies, 
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melting point (the powder can be melted not completely), temperature, velocity of the 
particles, etc. A low substrate substrate temperature between 100…300°C is typically chosen. 
The thickness of a plasma sprayed coatings may reach several millimeters, however, APS 
TBCs mostly have a thicknesses below 0.5 mm. 
Normally, the plasma sprayed coatings exhibit a lamellar morphology of the spraying splats 
(thickness - 1…10 m, diameter - 200…400 m). The intersplat boundaries, gaps and cracks 
are essentially oriented parallel to the bond coat interface (Fig. 2.18). A porosity up to 25 
vol.% [69] can thus be obtained.  
 
Figure 2.18 - Cross-sections of plasma-sprayed and APS ZrO2-8wt%Y2O3 
Related with porosity, splat morphology, as well as concentration and size of intra-/inter-splat 
microcracks, introduced during deposition, the thermal conductivity of the YSZ is further 
reduced. Plasma sprayed YSZ coatings offer a thermal conductivity of about 0.8 Wm-1K-1, 
which is significantly lower than that of a fully dense material (2.5 Wm-1K-1) and also below 
the respective values of EB-PVD TBCs.  
There are several possibilities to evaluate the stiffness of TBCs by means of mechanical tests. 
For free-standing and bonded TBCs, three [70] and four-point bending tests [71, 72] have 
been carried out. Using four point bending tests with in-situ observation of the deformation in 
top and side face of the material, Wakui et.al. [71] analyzed the strain dependent stiffness. The 
thick composite specimens, obtained by APS were tested in a configuration with either the 
TBC in tension or in compression. The measured global stiffness increased with increasing 
compressive strain and decreased with increasing tensile strain. The strain free stiffness and 
the maximum stiffness under compression are 11 and 55 GPa, respectively. Note that due to 
the above addressed defects and cracks the maximum stiffness of the APS TBC is 
significantly lower than that for bulk material.  
Micro-[73] and nanoindentation [74] have been successfully used in order to determine the 
local stiffness. The stiffness derived by the indentation techniques depends strongly on the 
applied load and decreases with decreasing indentation load. Also pores and intra-/inter-splat 
Intrasplat cracks 
10  m 
Pore 
Intersplat cracks 
Intersplat cracks 
Pore 
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defects lower the stiffness values. Experimental results exhibit a large data scattering. 
However, local stiffness values, as measured within individual spraying splats approaches the 
bulk properties [73]. Similar to EB-PVD TBC, the thermal expansion coefficient of APS YSZ 
is in the order of 10 to 11.5·10-6 K-1. 
There are also many experimental results with respect to elastic behavior of APS TBCs in 
literature [75-79]. The measured data for the Young’s modulus of APS TBCs show a large 
variation depending on the porosity (Fig. 2.19), pore morphology, grain size, sintering history 
and even the measurement method.   
Since the elastic behavior is not only a function of the material composition and the 
temperature, it makes sense to use the term stiffness, as an extensive material property rather 
than elastic modulus. Thus the term stiffness appears more appropriate to describe the elastic 
behavior of the TBC.  
 
Figure 2.19 - Variation of stiffness with respect to porosity for APS TBCs [75, 80] 
2.1.4-III. Comparison of EB-PVD and APS TBCs 
Both EB-PVD and APS deposition methods have their advantages as well as disadvantages. 
The APS process is less expensive compared to EB-PVD. Plasma sprayed coatings with 
thickness up to 3 mm can be deposited, while EB-PVD typically provides coatings which are 
mostly not thicker than 300 μm. However, EB-PVD has a better reproducibility. The 
columnar structure of EB-PVD coatings is a key to the high strain tolerance [81, 82], which is 
very important during thermal cycling when the smaller thermal expansion of ceramic coating 
is affected by the higher expansion of the base material. Unfortunately, microstructure of EB-
PVD TBCs, which provides such a good strain compliance leads to a higher thermal 
conductivity [83] compared to APS coatings, and thus reducing the thermal shock resistance.  
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With respect to the process, employed for the ceramic top coat, different bond coat surface 
finish is required. The surface of the bond coat should be rough (e.g. sand blasted) before the 
deposition of an APS ceramic top coat in order to provide good mechanical serration of the 
ceramic to the metal. However, rough interfaces induce higher stresses. The other way round, 
in case of an EB-PVD top coat the bond coat surface remains flat [84], because the vapor 
deposition process results in good chemical bonding.  
2.2 TBC failure by thermal cyclic loading 
Failure of TBC systems under thermal cyclic loading is a complex process, which is 
influenced by both the change of material properties due to the heat exposure and the residual 
stress development due to TGO growth and due to the thermal mismatch during the cooling 
phase. In principle, two main types of fracture phenomena are known for the ceramic 
coatings: segmentation and delamination. Segmentation cracks are oriented normal to the 
bond coat / TBC interface (vertical orientation) and are considered to be favorable with 
respect to the strain tolerance of the TBC [85]. Vertically cracked APS coatings are 
deliberately processed whereas the gaps between the columnar grains in EB-PVD coatings 
provide this advantageous property automatically.  
In contrast to the segmentation cracks, delamination, which occurs normal to the spraying 
direction can cause, once long enough, spallation of TBC segments [86]. Delamination 
cracking is taken, as a criterion for the failure of the TBC system and it is the type of fracture, 
which was studied in detail in the present work. Following the fracture mechanics concept of 
material resistance and crack driving forces the parameters need to be addressed, which 
influence the materials properties of the TBC system and the failure relevant stresses. 
Main processes, which induce the change of physical and mechanical properties of the TBC 
system components during high temperature exposure are: 
-  bond coat oxidation (TGO growth); 
- interdiffusion of elements between substrate and bond coat; 
- sintering of the ceramic top coat; 
Development of residual stresses is typically associated with or influenced by: 
- growth stresses due to the oxide scale formation; 
- residual cooling stresses due to the different thermal expansion behavior of the metallic 
layers and the ceramic top coat; 
- bond coat relaxation; 
The impact of the stresses on the existing material condition ultimately causes crack formation 
and/or propagation from existing defects. Also, environmentally assisted crack growth at 
room temperature may support the TBC failure. Furthermore geometry effects need to be 
considered, e.g. substrate curvature [87]. 
Although not addressed in the present work, it has to be emphasized that insufficient quality 
of the coatings manufacturing can also induce their premature failure. 
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The above aspects have been in the focus of literature for many years. Some of the results 
obtained to date are described subsequently. 
2.2.1 Bond coat oxidation (TGO Growth) 
Under standard service conditions turbine components with TBCs are exposed to an oxidation 
of the bond coat. Continuous transport of oxygen ions through the ceramic top coat is the 
source. The resulting formation of a compact TGO scale along the bond coat / TBC interface 
provides a high oxidation resistance and protects the metal from further oxidation. On the 
other hand lateral growth of the TGO results in addition with cooling stresses in a large in-
plane compressive stress (up to 3 GPa at room temperature). Significant out-of-plane tensile 
stresses are induced and delamination cracks parallel to the interface are generated [88-90] as 
soon as even small curvatures of the interface are present. Failure usually occurs upon cooling 
because the thermal mismatch between TBC, TGO and bond coat generates additional in-
plane compressive stresses. For this reason, the morphology, adherence and stresses in the 
TGO are important issues in TBC evaluation and life prediction.  
In a TBC system the oxidation behavior of the bond coat is determined by its chemical 
composition [91]. For both types of current bond coats (NiCoCrAlY and (Ni,Pt)Al) TGO 
scale consists mostly of Al2O3, which can be , δ, θ or -phase. Stable, slow growing -Al2O3 
normally originates above 900°C for NiCoCrAlY bond coats, while the three other phases are 
metastable and thus labeled as transient oxides. (Ni,Pt)Al coatings also form metastable 
alumina, such as - and θ -Al2O3 at temperatures below 1000 °C.  
The growth rate of the oxide scale is controlled by the inward transport of oxygen along grain 
boundaries towards the interface between TGO and bond coat (i.e., internal oxidation) [92], as 
well as by the outward diffusion of Al cations along the grain boundaries of alumina in order 
to react with oxygen anions at the interface between TGO and ceramic top coat, i.e., external 
oxidation [93, 94]. The latter results in the formation of -depleted zone close to the bond 
coat/TGO interface. Internal oxidation can lead to the volume expansion of the complete 
oxide scale and significant compressive stresses of about 1-2 GPa [95, 96], which play an 
important role for the adhesion of oxide scale [97].  
As soon as a minimal value of Al-content in MCrAlY, required for the formation of alumina 
scale is reached, the formation of less protective oxides of Ni and Cr takes place. According to 
the oxide map [98] MCrAlY bond coats with less than 5 wt.% Al no longer form a protective 
Al2O3 scale. Thus Cr2O3, NiO, CoO or Ni(Cr, Al)2O4 spinels [99, 100], which are less 
protective than alumina, can be additionally formed especially after -depletion of the bond 
coat. Massive stresses due to the rapid local volume increase lead to failure [101].  
Failure of alumina TGO on NiAl diffusion coatings is diminished by adding Pt in the bond 
coat. 
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2.2.2 Interdiffusion between base material and bond coat 
MCrAlY coatings have a higher Cr and Al content than the superalloy substrates to promote 
the formation of a protective oxide scale, which results in elemental diffusion of these 
elements from the coating to the substrate at elevated temperatures. On the other hand 
underlying superalloy matrix of the structural support material have a greater content of Ni, Ti 
and refractory elements like Ta, W, Mo and Re mainly to improve the high temperature 
mechanical properties. Consequently these elements diffuse from the substrate into the 
coating [98].  
At high temperature at the interface substrate/bond coat -depleted zone is formed, e.g. 
depletion of -phase in favor of ’-phase as a result of Al diffusion in the substrate. Busso 
observed -depleted zone with thickness of about 80 m after thermal cyclic oxidation tests 
with maximal temperature of 1090°C near the interface substrate/MCrAlY bond coat [102].  
The interdiffusion between Ni-base superalloys and MCrAlY bond coatings can lead to the 
formation of detrimental phases, such as σ (sigma)-phase, laves phases, brittle carbides [102], 
voids and porosity [103]. 
In order to confine the interdiffusion processes diffusion barrier coatings between substrate 
and bond coat are applied (W-, Al-O-N-, PtAl2 – layers) [104, 105].  
The application of (Ni, Pt)Al bond coats onto the Ni-base superalloys also leads to the 
interdiffusion of additional elements. Thus Reid investigated a single phase Pt aluminide 
coatings on CMSX-4 base material. The needle-like phases were detected after 375 hours of 
isothermal exposure at 1100°C close to the bond coat/substrate interface. EDX analysis of the 
needles revealed the phases to be Re-, Cr- and W-rich [106].  
2.2.3 Sintering of YSZ 
2.2.3-I APS TBC 
At high temperatures densification and sintering processes take place in TBCs, which 
adversely affect the durability of ceramic coating [107]. In principal there are two main 
effects, associated with densification. A decrease of the volume fraction of defects increases 
stiffness and thereby decreases the compliance of the ceramic top coating, which has direct 
influence on the stress distribution in multilayer TBC system. On the other hand this leads to 
the increase of thermal conductivity. The stiffness of the APS YSZ increases due to the 
change of microcracks morphology (healing) already above 900°C [108]. Dilatometer 
measurements of a free-standing APS TBCs confirm the effect and demonstrate the shrinkage 
at temperatures above 1000°C [109].  
At higher temperatures above 1200°C sintering is related with an increase of contact area 
between spraying splats, e.g. reduction of porosity and the lateral growth of the columnar 
grains within the spraying splats. Note that the densification of YSZ is constrained by the 
underlying metal (so called constrained sintering) [110]. The onset of unfavorable sintering 
occurs at even lower temperatures, when powders with smaller crystallite size are sprayed. 
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Furthermore, impurities, like Bi2O3, SiO2 also lower the sintering temperature and accelerate 
the densification process [111].  
2.2.3-II EB-PVD TBC 
The sintering process in EB-PVD ceramic coatings leads to a deterioration of the otherwise 
favorable strain tolerance [112, 113]. The EB-PVD TBCs have a columnar structure with gaps 
between the individual columns, and thus at high temperatures the individual columns should 
in principal not be in contact. But due to the feathery shape still contact sites exist and 
sintering “necks” are formed (Fig. 2.20). The magnitude of the sintering force (Laplace 
stresses) depends on the number of necks along the length of each column [65]. 
 
Figure 2.20 – a) feathery shape of columns in EB-PVD TBC, b) necks formation [114]. 
2.2.4 Residual stresses 
Besides the applied mechanical operation stresses in a gas turbine the residual stresses of the 
multi-layer TBC systems significantly influence the thermomechanical integrity. In fact a 
major focus of experimental work with TBC specimens is directed towards a better 
understanding of the residual stress state. There are several studies, dealing with the 
degradation of thermal barrier coatings (TBCs), e.g. spallation and delamination of top 
coating, caused by residual stresses [115, 116].  
Basically the residual stresses in APS TBC system after have two main origins. The first one - 
“quenching stress”, develops due to the rapid solidification and contraction of the droplets 
deposited onto the bond coat and is always tensile. The second one, which is independent of 
the coating deposition process, reflects thermal mismatches between the individual layers of 
the thermal barrier system, i.e. the different coefficients of thermal expansion (CTEs) between 
the adjacent layers. In case of cyclic thermal exposure, the thermal mismatch stresses can 
change cycle by cycle, as a result of inelastic and microstructural changes in the bond coat and 
TGO. Depending on the value of the coefficient of thermal expansion of substrate (S) and 
coating (C), the residual stresses can be tensile or compressive. In most cases the top coating 
is YSZ. Accordingly, at low temperature, the stress in the ceramic layer is always compressive 
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because the CTE of it is lower than that of bond coat and substrate (Table 4.3). Due to the 
application of bond coats with different chemical composition and thus mechanical properties, 
the residual stresses in TBC system are directly influenced by the properties of the bond coat. 
During heat treatment stress relaxation (creep of the bond coat and TGO), may occur. 
Depending on the bond coat type, the TGO scale reveals different morphology and thickness, 
which also influences the residual stress state [117]. 
A variety of experimental methods is currently available for the determination of residual 
stresses in TBCs. Successfully applied have been X-ray diffraction [118], Raman fluorescence 
spectroscopy [119], hole drilling [120] and specimen curvature measurement [121]. XRD can 
be used to measure with high accuracy the stress close to surfaces preferentially in dense 
layers like the TGO, since it has a limited penetration depth. The methods based on changes in 
layer strains due to material removal, e.g. hole drilling or grinding of portions of a coating 
layer provide depth information but contain the risk of stress alteration by damaging. Raman 
photoluminescence piezospectroscopy can be conveniently used to determine the stress in 
chromia containing Al2O3 of the TGO. Less limitations are given with the integral curvature 
measurement method but only average values of residual stress in relative large areas are 
obtained. 
In case the thermoelastic properties of the individual materials and the geometry parameters of 
the layers are known, the residual stresses can also be predicted from analytical models [122]. 
Besides temperature, thermal expansion coefficient, stiffness and the coating thickness are the 
main parameters that enter in the relationships [123].  
Refined numerical simulation also considers the details of the interface topography between 
bond coat, TGO and TBC. In particular, the stresses at interface asperities have been 
simulated [124]. These stresses cause crack initiation and promote the early stages of 
delamination in the coating system [125]. Of course, for the perfectly flat interface these local 
stresses should be zero. Note that this is not assumed even for EB-PVD TBCs.  
Also the influence of creep effects in the bond coat and the TGO on the residual stresses have 
been addressed [126, 127]. 
2.2.5 Crack formation and propagation in TBC 
In recent years increasing efforts have been undertaken in studying the mechanisms of crack 
initiation and propagation in TBCs under controlled experimental conditions [128, 129].  
2.2.5-I APS TBC 
Plasma sprayed TBC systems typically fail in the vicinity of the TGO-layer. The delamination 
crack path is observed to be located either within the TBC close to the TGO or at the 
interfaces TGO/TBC, bond coat/TGO or within the TGO. In the first case the microcracks, 
which exist in the APS ceramic coating already in as-sprayed condition, exhibit extension 
after heat exposure and/or number of thermal cycles. The crack growth is correlated with the 
exposure time. Ultimately macrocracks are formed. These macrocracks are predominantly 
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oriented in lateral direction parallel to the TGO/TBC interface and finally yield spallation of 
the TBC. The possible path of macroscopic spallation of TBC depends on the thermal and 
thermo-mechanical loading profiles [130]. Delamination within the ceramic top coat is 
recognized as “white failure”, whereas the “black failure” defines fracture surfaces, where a 
dark bond coat surface is visible, e.g. failure at TBC/TGO or TGO/bond coat interface or 
within the TGO. The life-time of APS TBCs can in many cases be correlated with a critical 
TGO thickness and bond coat surface roughness [130] . 
2.2.5-II EB-PVD TBC 
Evans et. al. [10] describe and model the failure mechanisms of EB-PVD TBC systems, 
dependent on the bond coat chemistry, microstructure and the operating conditions 
(isothermal heat treatment or thermal cycling). Geometrically, the delamination in EB-PVD 
TBC systems has been observed to occur between  bond coat and TGO [131], in the TGO 
[132] or between TGO and TBC [133].  
Some authors [101, 134] indicate, that prior to delamination, cracks are nucleated in the TGO 
within there existing spinels (Cr,Al)2O3, Ni(Cr,Al)2O4 and NiO and than grow into the 
ceramic top coat. Also cracks have been observed at the interface between the ceramic top 
coat and Al2O3 layer, where a layer of (Cr,Al)2O3 is present [100].  
The surface of the bond coat remains essentially flat in case of systems with EB-PVD ceramic 
top coat. However, such a flat surface increases the risk of complete coating delamination. 
Therefore a small roughness is proposed to be also beneficial for EB-PVD TBCs [133]. Under 
the conditions of cyclic oxidation the possible benefit of the small asperities changes into the 
opposite, since such asperities favor rumpling effects and ratcheting behavior [135].  It was 
found out, that the interface between the ceramic top coat and the bond coat progressively 
roughens with cycling. As a result there is TGO extension towards the more ductile bond coat. 
As the TGO deflects further into the bond coat, it separates from the TBC. Crack initiation 
near the TGO/TBC interface above the valleys associated with rumpling is the consequence. 
Upon further loadings these cracks grow laterally, coalesce and lead to the spallation of TBC 
[135]. 
2.3 Principles of brittle fracture mechanics 
The fracture mechanisms observed in APS and EB-PVD systems have in common that the 
delamination is predominantly located in an essentially brittle ceramic material or along the 
interfaces between brittle ceramics. 
The fracture of ceramic materials is conveniently described in terms of fracture energy or 
fracture toughness.  
Inglis [136] and Griffith [137] were among the first to relate the initiation of fracture in brittle 
materials to such as microscopic flaws and their instability. Inglis showed that notches serve 
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as stress concentrators, which locally magnify the stresses applied to a solid component. 
Fracture of the material occurs, when the stresses at the tip of the notch exceed the theoretical 
strength of the material (=th). As an example of a stress concentrator (Figure 2.21) the 
stress, at the tip of a two-dimensional elliptical notch with a major axis a, a minor axis b, and 
curvature of the ellipsis tips ρ = b2/a is related to the applied stress S, by the following 
equation : 
 /2 aS       (2.1) 
where a is assumed to be much larger than ρ.  


a2
2b
 
Figure 2.21 – Crack in two-dimensional plane 
Stress concentrations, 100 to 1000 times higher than the applied stress can be expected 
estimating the typical crack length in brittle materials of 10 to 100 m and the crack tip radius 
of the order of atomic spacing – 0,3 to 1 nm [138].  
A somewhat different approach to the fracture of brittle materials was used by Griffith. Crack 
stability was determined from a mechanical energy balance between the energy required for 
the formation of new surface and the elastic energy lost due to the crack growth. For a two-
dimensional crack (Fig. 2.21), the applied stress S was related to the Young’s modulus  E, the 
crack length  a, and the surface energy  :  
aES  /2      (2.2) 
In the Inglis analysis, the material parameters that control the fracture are the theoretical 
strength and the radius of curvature of the crack tip; in the Griffith approach it is the surface 
energy. The Griffith approach to fracture employs an energy balance, and does not make 
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specific reference to the exact details of the structure of the crack tip. Both statements are 
alternative ways to describe the fracture of brittle materials, and even now form the basis for 
the linear elastic fracture mechanics. However, only ideal brittle materials fracture when the 
energy required equals 2. In reality the crack resistance R>2 and thus the crack driving 
force must be higher too. 
Two parameters that describe the crack driving force in energy and stress concepts are the 
stress intensity KI and the energy release rate GI. Respectively the stress intensity factor is a 
local parameter, which is used in fracture mechanics to describe the stress state ("stress 
intensity") near the tip of a crack, caused by a remote load. The energy release rate is the 
amount of stored elastic energy available for crack growth.  
There are three main modes of failure with respect to applied forces: 
 Mode I - Opening mode (a tensile stress normal to the plane of the crack)  
 Mode II - Sliding mode (a shear stress acting parallel to the plane of the crack and 
perpendicular to the crack front) 
 Mode III - Tearing mode (a shear stress acting parallel to the plane of the crack and 
parallel to the crack front)  
The modes are indicated in G and K by the subscripts I, II or III. Stress intensity in any mode 
situation is directly proportional to the applied load on the material. Mode I is the most 
common load type encountered in engineering design. Therefore in the present work only 
Mode I failure considered. 
Fracture in brittle materials is assumed to occur when the stress intensity factor reaches a 
critical value, K = Kc – so called engineering approach. Consequently the Mode I critical 
stress intensity factor, KIc (fracture toughness) is the most often used engineering design 
parameter in fracture mechanics.  
From an energy viewpoint, fracture occurs when the energy release rate (crack extension 
force) G, is equal to a critical value G = Gc = R (crack resistance). In fact, the stress and the 
energy approaches to describe fracture can be related with the equation 
CC GEK 
2
     (2.3) 
However fracture toughness id not a constant material property and most of ceramics exhibit a 
rising toughness (crack resistance) with crack extension, so called R-curve effect [139]. The 
R-curve behavior originates from an increasing crack tip shielding during crack extension.      
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2.4 Environmentally assisted subcritical crack growth 
A frequently observed phenomenon of oxide ceramics is environment assisted failure at a 
lower stress intensity than the critical fracture toughness [140]. This subcritical crack growth 
occurs, when the bonding forces at the crack tip are lowered, e.g. by humidity. Zirconia and 
alumina, both present in the investigated thermal barrier systems, are known to exhibit 
humidity assisted subcritical crack growth [141, 142]. As a consequence, TBCs with 
subcritical delamination flaws after isothermal or cyclic oxidation, may fail with same delay 
when aged in humid atmosphere at room temperature. Such behavior has been reported as 
„desk-top-effect“ in literature [143]. 
The subcritical crack growth phenomena, as well as some aspects of crack kinetics are briefly 
described in the following chapter. 
The crack tip stresses, which cause the crack growth are proportional to the stress intensity 
factor [140]. The crack velocity can often be expressed as a power function of the applied 
stress intensity factor: 
n
IKAv       (2.4) 
where v is the crack velocity. A and n are constants, which can be evaluated from 
experimental data. 
In alumina the delayed failure was first observed by Wiederhorn [140]. Afterwards other 
authors also described subcritical crack growth in Al2O3 and associated this process with the 
interaction of water molecules with the ceramic material at the tip of stressed flaws [144, 
145]. Fig. 2.22 shows experimental results obtained by Evans for delayed failure of 
polycrystalline alumina in toluene and in air with a relative humidity of 50%.      
The experimental results reveal three characteristic regions of crack growth, which reflect the 
underlying crack kinetics mechanism: 
I – the region of low stress intensity; the crack velocity is attributed to a stress enhanced 
chemical reaction between water and the ceramic material at the crack tip, and depends on the 
humidity in the environment; crack velocity as a function of stress intensity factor follows the 
power law of Eq. 2.4; 
II – so called “plateau” region; the crack growth strongly depends on the amount of water in 
the environment, while it is almost independent from the applied stress intensity; crack growth 
is limited by transport velocity of environmental species to the crack tip; 
III – the region, where the crack motion seems to be independent of the environment [140]. 
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Figure 2.22 – Crack velocity as a function of stress intensity factor in alumina [146] 
However, no detailed explanation has been found for the crack growth mechanism in this 
region [141]. Again a power-law dependence is observed.  
A similar crack propagation behavior is known for zirconia [147] and other brittle materials, 
for example glass [140] and porcelain [148].  
Experimentally the quantification of subcritical crack growth requires strength measurements 
[149] or direct fracture mechanics tests, such as double cantilever beam or double torsion 
[150, 151]. In the present work a new technique for subcritical crack growth monitoring is 
applied, which will be explained in section 3.5.1. 
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3 EXPERIMENTAL 
3.1 Materials 
Specimens of 3 different thermal barrier systems have been used for the experimental part of 
this work. They can be distinguished with respect to the bond coat composition and the 
difference in the ceramic top coat deposition procedure (Table 3.1). 
Table 3.1 – Thermal barrier systems investigated in the present work 
Base material 
Bond coat type 
(thickness) 
TBC type (thickness) Supplied by 
CMSX-4 NiCoCrAlY (150 m) APS YSZ* (300 m) 
IEF-1, FZ-
Juelich** 
CMSX-4 Pt (10 m) EB-PVD YSZ*(150 m) RRD*** 
CMSX-4 (Ni,Pt)Al (70 m) EB-PVD YSZ*(150 m) MTU**** 
 
* - ZrO2, stabilized by 7-8% Y2O3 
** – Institut der Energie Forschung (IEF-1), Forschungszentrum Juelich GmbH 
*** -  Rollce Royce Deutschland, Berlin 
****- MTU Aeroengines, Muenchen 
The nominal chemical compositions of CMSX-4 and NiCoCrAlY, (Ni,Pt)Al bond coats are 
given in Tables 3.2 and 3.3 respectively. 
Table 3.2 - Chemical composition of  base material and NiCoCrAlY bond coat (wt.%) 
 Ni Cr Al Ti Ta W Mo Co Re Hf C Y Zr 
CMSX-4 bal. 6.5 5.64 1.03 6.5 6.4 0.6 9.6 2.9 0.11 0.003 _ 0.001 
NiCoCrAlY bal. 17.1 12.6 _ _ _ _ 21.1 _ 0.4 _ 0.61 _ 
Table 3.3 - Chemical composition of (Ni,Pt)Al bond coat (wt.%): 
 Ni Al Pt 
(Ni,Pt)Al bal. 22.2 20 
 
3.2 Microstructure of TBC coated specimens in as-received state 
3.2.1 APS TBC 
Fig. 3.1 shows the microstructure of as-coated CMSX-4 specimens with NiCoCrAlY bond 
coat and APS-TBC, which were sprayed by IEF-1 for the oxidation experiments. The 
magnified image of the cross section displays the three layers – substrate, bond coat and TBC. 
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The bond coat has a thickness of about 150 µm, the APS TBC layer is approximately 300 µm 
thick. The NiCoCrAlY bond coat has a two phase microstructure, comprising + phase. The 
YSZ TBC, deposited via APS technique, reveals a porous microstructure with the typical 
microcrack and defect pattern of the spraying lamellae. A thin interdiffusion zone is formed at 
the interface between base material and bond coat.  
 
Figure 3.1 – Microstructure of as-received specimens with APS TBC 
3.2.2 EB-PVD TBC 
Due to proprietary interest of the supplier there was no access to the microstructure of as-
received and annealed EB-PVD TBC coated specimens. 
3.3 Geometry of specimens 
3.3.1 Isothermal and cyclic oxidation tests 
3.3.1-I  APS-TBC 
Isothermal and thermal cyclic oxidation experiments were conducted on the hollow 
cylindrical specimens (Fig.3.1) with typical dimensions – an outer diameter of 8.5 mm and a 
length of 25 mm.  
YSZ TBC 
NiCoCrAlY  
CMSX-4  
Interdiffusion zone 
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Figure 3.1 – Specimen geometry for the cyclic oxidation tests 
3.3.1-II EB-PVD TBC 
For isothermal and cyclic oxidation tests of EB-PVD TBCs with Pt-aluminide bond coats also 
tubular specimens with different diameters (6, 12, 18 mm) were provided (Fig. 3.2). The 
diameter variation allowed to investigate the influence of geometry on the life time of TBC-
system. 
 6 mm
  
 12 mm
 
 19 mm
 
Figure 3.2 – Set of the samples with 6, 12 and 19 mm outer diameter for cyclic oxidation tests  
3.3.2 Curvature tests 
Specimen strips have been prepared and delivered by “MTU Aero Engines” for thermoelastic 
curvature tests to study thermal mismatch effects in the thermal barrier system. The specimens 
in the shape of strips 6510 mm2 had different thickness (0.8, 1.0 and 1.2 mm) and varied in 
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their coating. 10 samples comprised substrate CMSX-4, Pt-Al bond coat and EB-PVD ZrO2 
top coating (Fig.3.3). The other 8 had the same substrate and bond coat but were not coated 
with the ceramic top layer (Fig. 3.4). 
     
10 mm
 
Figure 3.3 – CMSX-4 specimens coated with bond coat and EB-PVD ZrO2.     
10 mm 10 mm
 
Fig.3.4 – CMSX-4 specimens coated with bond coat. 
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3.4 Experimental Procedures 
3.4.1 Thermal cyclic oxidation of APS specimens 
The heating of the specimens was carried out in a radiation furnace, split in two half-shells 
(Fig. 3.5). The center-positioned specimen was irradiated by 6 lamps of 1 kW each. Internal 
cooling of the specimen was achieved by compressed air. The upper temperature limit for the 
furnace is 1300°C. During the test, the temperature of the specimen surface is measured by 
pyrometer. The conceptional planning and the realization of the furnace took place in a 
cooperation between Xerion GmbH, Freiberg and IEF-2.  
 
Figure 3.5 - Equipment for thermal cycling of APS TBC samples 
3.4.2 Isothermal and cyclic oxidation of EB-PVD specimens with in-situ 
observation of the coating surface 
The experiments were also performed with a specially designed new equipment, consisting of 
a vertical movable furnace (Fig. 3.6), a vertical quartz tube with quartz rods for specimen 
fixation and a telescope system with digital camera. The latter allows to observe the specimen 
surface in-situ with microscopic resolution. The fixed specimen position was a prerequisite to 
monitor in particular the specimen surface during cooling. Again, the furnace equipment was 
realized in cooperation with Xerion, Freiberg [152]. 
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Figure 3.6 - Equipment for thermal cycling of EB-PVD TBC samples 
Fig. 3.7 shows cylindrical specimens mounted between two quartz discs at different 
temperatures during a cooling phase. Internal air cooling was applied in order to achieve 
sufficiently fast cooling rates up to 15°C/sec. The temperature of the specimen during the test 
was controlled by a thermocouple, welded to the substrate material. 
 
Figure 3.7 – Specimen holder (the white point shows the observation area of telescope) 
3.4.3 Combined fleximeter-dilatometer for thermoelastic curvature 
measurements 
The thermoelastic curvature was in a part of this work measured as a function of temperature 
with a novel optical fleximeter supplied by Misura, Italy, which had in addition an optical 
dilatometer “Misura FLEX-ODLT”. As shown in the Fig. 3.8, the instrument has a movable 
high temperature furnace, through which three blue LED light sources illuminate the 
specimen. The displacement monitoring system is located under the black box on the left side 
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of Fig. 3.8. For precise measurement, a high-power LED is used as light source. From the 3 
LED light sources only the central one is used for curvature measurements, whereas the outer 
two serve for dilatometry. 
 
Figure 3.8 – Optical fleximeter-dilatometer “Misura” 
The basic operation principle of the equipment is the following. A monochromatic light 
source  illuminates the specimen. The transmitted light hits an optical sensor chip behind the 
specimen that generates a digital image of the specimen edge. The resolution depends on the 
wavelength of the light (0.5 m for blue light). The device allows to obtain images with an 
actual resolution of the camera of nearly 0.5 m/pixel.  
The maximum furnace temperature is 1600°C. The cooling and heating rates can be varied 
from 0.1 up to 30°/min. 
Fig. 3.9 illustrates, how the specimen strips have been positioned for the curvature test. Four 
alumina rods are available to support the specimens. A pair of shorter rods, which are 
narrower spaced, is used for dilatometer measurements, while the two other wider spaced 
longer rods carry the specimens to be measured in the optical fleximeter. The larger spacing 
of the rods yields a larger displacement of the specimen center in case of curvature effects. 
However, the spacing of the outer rods was too large for the specimens to be tested. To adjust 
the support position to the given specimen length, special stages had to be designed. The inlay 
in Figure 3.9 shows in a side view the chosen geometry. Both quartz and alumina tables were 
machined.  
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Figure 3.9 – Quartz table with the specimen 
3.4.4 Telescope system for In-situ measurements of multilayer 
thermoelastic curvature 
A part of the curvature measurements were also carried out as a function of temperature by 
direct specimen observation at elevated temperature. 
Figure 3.10 shows in a sketch the equipment used for in-situ observation of the curvature 
change during thermal cycling. The high-temperature telescope system consists of the long 
distance microscope Questar QM 100 (maximal resolution - 2 m), and a digital camera 
ADIMEC MX-12 (resolution - 1000x1000 pixels). The temperature is monitored during the 
experiments by means of a thermocouple, Pt/PtRh type B with an accuracy of about 1 °C. To 
determine the specimen curvature along one of the edges, the telescope system was focused in 
side view. The sample contour was then measured and the x-y coordinates were reordered for 
several positions. The data enabled to calculate a radius of curvature.  
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Figure 3.10 - Telescope system for in-situ observation of curvature behavior. 
A disadvantage of this method compared to the fleximeter curvature tests is that all 
measurements need to be done manually. Also only a limited number of contour positions can 
be measured within reasonable time during continuous temperature changes in the heating and 
cooling segments of the cycles. Another critical point is, that the measured contour data and 
thus the curvature value, are very sensitive to the quality of the specimen edge under 
observation. Polished samples can be definitely measured more precisely. In contrast, the 
MISURA equipment is a completely automatic instrument, which allows to analyze 
continuously displacement changes independent from the edge geometry and therefrom to 
derive curvature as a function of temperature.  
3.4.5 Metallographic preparation of the specimens 
For metallographic surface preparation, selected specimens with APS TBC were mounted in 
an epoxy resin and then cut transversally or longitudinally. The grinding and polishing was 
performed down to 0.4 m in diamond paste and finally in SiO2 suspension. 
In some special cases the polished specimens were etched in order to reveal the 
microstructure, not visible in the as-polished condition. The microstructure of the prepared 
cross-sections was observed by means of an optical microscope and scanning electron 
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microscope for higher resolutions. 
3.5 Supporting characterization methods 
3.5.1 Infrared Thermography 
During infrared thermo-graphic inspections, there are two approaches that can be used: 
passive and active. The passive approach is usually used for the investigation of materials that 
are at different (often higher) temperatures than the ambient, whereas in the case of the active 
approach an excitation source, such as optical flash lamps, heat lamps, hot or cold air guns, 
etc. are used with the intention of inducing thermal contrasts [130]. In the present work the 
major focus of thermographic characterization was on monitoring with an excitation source, 
but the passive mode has been applied, too. 
Thermographic was conducted using a ThermaCAM SC 3000 system with Quantium Well 
Infrared Photodetector (QWIP) that provides image resolution of 320×240 pixels in a spectral 
range of 8-9 μm. The thermal sensitivity was 0.03°C at 30°C, image acquisition frequency 
was 50/60 Hz. Image acquisition and evaluation were supplied by ThermoLab software.  
 
 
Figure 3.11 – Typical infra-red picture of specimen with APS-TBC after thermal cycling 
An example of thermography results in active mode is shown in Figure 3.11. The infra-red 
image maps the heat distribution (Fig. 3.11). Temperature differences are visualized by colors, 
varying from blue to red. Blue color means that the observed part of the material cools down 
much faster, than the red area with low thermal conductivity. In terms of the displayed TBC 
system, the blue portion of the specimen reflects the bond coat surface; the yellow areas 
indicate still adherence of the APS TBC coating to the bond coat and the orange color portion 
of the sample is interpreted as delaminated ceramic coating still in partial contact to the bond 
coat. 
3.5.2 Grey-scale analysis 
The method of grey scale analysis is an image correlation by comparing subsequent 
monochromatic pictures of the same location with respect to the local changes of grey scale 
patterns.  
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The technique has been applied in order to recognize displacements on the surface of the EB-
PVD ceramic coating during the thermal cycling of the specimens (see section 3.2.1). 
Experimentally a series of surface pictures was taken with the telescope system focusing on 
the same area of the surface during cooling down. The image correlation was performed with 
respect to the changes in thermal strain with a special software VEDDAC. A screenshot of the 
displacement at 1100°C with respect to RT image, analyzed by the program is shown in Fig. 
3.12.  
 
Figure 3.12 – Screenshot of grey scale image of the EB-PVD TBC specimen at 1100°C 
An analyzed area of the TBC surface is shown, which compares the situation at 1100°C with 
the reference image taken at room temperature after cooling down. The programme uses the 
RT condition as a mask. Blue vectors indicate the direction and magnitude of microstructural 
displacements on the ceramic coating surface. It is obvious, that a part of the image framed 
with a green dashed square reveals almost no changes with respect to the mask. An average 
strain value of about 0.02 % was obtained for this area. However a residuary 70% of the TBC 
surface grey-scale image at 1100°C clearly shows dilatational changes, quantitatively 
represented by the vectors size. The results indicate an average strain of up to 1.7 % in x-
direction.  
Structural defects, e.g. pores or micro cracks, which could bring additional scattering of 
measured strain data were manually excluded from the analysis by means of a special option 
in the “VEDDAC” software. 
y 
x 
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4 RESULTS  
4.1 Cyclic oxidation tests with APS TBC coated specimens  
In order to investigate the details of failure of the APS TBC systems and determine their main 
damage mechanisms under cyclic loading, a series of oxidation tests were carried out. In order 
to obtain intensive oxidation of bond coat, experiments were conducted with 2 hours dwell-
time at maximal temperature in the temperature interval 60-1050°C. One experiment was 
additionally carried out with a shorter dwell-time at 1050°C (20 min). The tests were 
performed with different specimens up to 25, 50, 240 and 480 cycles, which means 50, 100, 
480 and 960 hours at 1050°C respectively. After each selected number of cycles the 
specimens were cooled down to room temperature in order to characterize their microstructure 
by means of metallographic and SEM investigations. 
4.1.1 TGO growth 
Cross-section SEM images of APS TBCs after different time at maximum temperature under 
thermal cyclic oxidation conditions are presented  in Fig. 4.1 and 4.2.  
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Figure 4.1 - Development of the TGO after defined high temperature exposure times under 
cyclic oxidation with 2 h dwell-time at 1050°C 
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Figure 4.2 – Development of the TGO after defined high temperature exposure times under 
cyclic oxidation with 20 min dwell-time at 1050°C 
A thin compact TGO scale of about 3-4 m thick was formed already after 25 temperature 
cycles (50 hours at 1050°C). Continuous development of TGO thickness took place with 
increasing exposure time at high temperature. Thus the thickest TGO of approximately 8-9 
m was observed in the specimen after 480 thermal cycles, corresponding to 960 hours at 
1050°C. Note that the latter, as well as the sample after 608 h exposure revealed macroscopic 
delamination of APS TBC .  
Start high temperature exposure times (50 and 100 h) resulted in a uniform thin TGO scale, 
mainly alumina, whereas longer oxidation (480, 608 and 960 h) promoted development of 
internal oxidation (Fig. 4.3). As expected, the specimen after 480 temperature cycles exhibited 
the largest value of internal oxidation depth (about 60 m). Due to large scattering no 
quantitative measurement of internal oxidation depth depending on the exposure time was 
performed. 
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Figure 4.3 – Internal oxidation of the bond coat after 240 and 480 temperature cycles (480 and 
960 h at 1050°C respectively) 
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A minor amount of Y-rich precipitates was observed in the bond coat and internally oxidized 
areas by means of EDX analysis (Fig. 4.4). In literature these protrusions are specified as 
coarse Y-Al-garnets [50] and they are proposed to be the sites for crack initiation [153].  
Al2O3 TGO
Y-rich protrutions
 
Figure 4.4 – SEM images showing Y-containing protrusions in TGO and bond coat 
Measured thickness of the compact TGO scale is plotted as a function of total exposure time 
at maximum temperature for all the specimens in Figure 4.5.  
 
Figure 4.5 – Thickness of compact TGO scale as a function of accumulated exposure time at 
1050°C 
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The experimentally determined data of oxide growth clearly show an increase of thickness 
with increasing of oxidation time and follows a sub-parabolic time dependence [154]: 
dTGO = KP (tHT)
n     (4.1) 
where the value of n was found to be approximately 0.3. A sub-parabolic alumina growth 
kinetics with n of 0.4 in NiCoCrAlY bond coats was also observed previously [155].  
Since the formation of alumina based TGO requires diffusion of Al from the bond coat, a -
depleted zone developed beneath the oxide scale. In the beginning of oxidation exposure the 
Al-depletion took place predominantly under the convex parts of the rough bond coat surface. 
Fig. 4.6 shows the microstructure of APS TBC specimen  after 25 thermal cycles and 50 h at 
1050°C. A -depleted zone of about 15 to 20 m has formed, whereas almost no depletion 
was found beneath the concave areas.  
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Figure 4.6 – SEM image showing the formation of -depleted zone in bond coat beneath the 
TGO after 25 thermal cycles (50 h exposure at 1050°C) 
After longer oxidation times the -depletion zone became more uniform, since the higher 
surface to volume ratio favored the Al-consumption from the coating under the convex 
surfaces [156]. Fig. 4.7 shows that the specimen after 960 h exposure time exhibited an Al-
depleted zone in the bond coat under the TGO with a depth of about 60-70 m beneath the 
convex surface and 20-30 m under the concave surface.  
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TBC
Bond coat
TGO
480 cycles / 960 h at 1050°C
20 m
-depleted zone
 
Figure 4.7 - SEM image showing the formation of -depleted zone in bond coat beneath the 
TGO after 480 thermal cycles (960 h exposure at 1050°C) 
4.1.2 Interdiffusion zone above the substrate 
The existing concentration gradients promote the diffusion of Ni and refractory elements from 
the base material into the bond coat, while Al, Co and Cr diffuse into the substrate. As a 
result, an interdiffusion zone (IZ) between the substrate and the bond coat layer develops (see 
section 2.2.2) and becomes more pronounced with increase of the high temperature exposure 
time.  
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Figure 4.8 – SEM image showing the interdiffusion zone above the substrate after 25 thermal 
cycles (50 h exposure at 1050°C) 
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As shown in Figure 4.8, interdiffusion zone close to the substrate/bond coat interface was 
approximately  
30-40 m after 50 hours at 1050°C during cyclic oxidation. It is obvious that both bond coat 
layer and the substrate are affected by the interdiffusion processes. Thus -depleted zone was 
formed in bond coat, whereas the formation of Mo, Ta, W-rich TCP phases [157] took place 
in the base material along the interface.   
Figure 4.8 shows a closer view of the interdiffusion zone presented in Figure 4.7. The -
depleted area in bond coating as well as the substrate affected zone with (Mo, Ta, W)-rich 
phases were approximately 20 m thick. Longer oxidation times promoted only a minor 
development of interdiffusion zone. The maximum IZ thickness of about 25 µm was observed 
in the specimen after 960 h exposure.   
The lower boundary of the bond coat was defined due to the pores, which are normally 
formed at the substrate/bond coat interface during the deposition process. Small voids, as 
shown in Fig. 4.9 can also be related to development of Kirkendall porosities as reported 
previously [158]. 
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Figure 4.9 – Microstructure of the specimen after 25 thermal cycles (50 h exposure at 1050°C) 
showing the interdiffusion zone  
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4.1.3 Damage evolution 
In order to determine the main characteristics of cracks, which were formed near the TGO, 
and monitor their evolution as a function of the exposure time under cyclic oxidation loading, 
selected SEM images of cross- and longitudinal sections were investigated. 
After 50 hours at 1050°C no macroscopic failure, i.e. delamination of APS TBC was detected. 
Higher magnification of the cross section gives evidence of the presence of short microcracks 
at the interface between TGO and the ceramic top coat (Fig. 4.10). Also some of the pre-
existing cracks within the TBC are widened. 
Crack at the TGO/TBC interface
Crack in TBC 
 
Figure 4.10 – SEM image of the APS TBC specimen after 25 thermal cycles (50 h at 1050°C), 
indicating microcracks at the TGO / TBC interface 
More microcracks of the same location (TGO/TBC interface) were found in the specimen 
after 100 h at maximum temperature under cyclic oxidation conditions. However the TBC 
was still adherent to the bond coat. 
Also delamination of the ceramic TBC was not monitored in the specimen after 480 hours at 
high temperature (Fig. 4.11) as well. In addition to microcracks at the TBC/TGO interface, 
some cracks with lengths up to 20 µm were visible within the TGO near the roughness peaks 
(Fig. 4.11).  
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Figure 4.11 – SEM images indicating microcracks in TGO layer after 240 cycles (480 h at 
1050°C) 
After 480 thermal cycles the ceramic top coat was partially delaminated, but most of the TBC 
remained still attached to the bond coat. Fig. 4.12 shows a portion of the longitudinal section 
of the specimen, where the ceramic top coat is already spalled away. The delamination crack 
propagated partially in the TGO, at the interface TGO / TBC and within the TBC. 
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Figure 4.12 - Microstructure of the specimen after 480 thermal cycles (960 h at 1050°C) 
After 1827 cycles macroscopic spallation of the ceramic coating was observed. Fig. 4.13 
represents a cross-sectional view of the APS TBC specimen, showing a delamination crack 
longer than 700 µm, which again propagates partly in the TGO, in the TBC and at the 
interface between both bond coat/TGO as well as TGO/TBC.  
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Figure 4.13 – SEM image of the delamination crack after 1827 thermal cycles (608 h at 
1050°C) 
Figure 4.14 demonstrates that microcracks at the bond coat /TGO interface were observed 
under the main delamination causing crack as well as in the portion of specimen cross section 
with still attached ceramic top coat.  
Cracks at the bond coat/TGO interface
   
Figure 4.14 – SEM image showing cracks at the bond coat/TGO interface after 1827 thermal 
cycles (608 h exposure) 
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Lateral cracks, parallel to each other were observed in TGO scale of the specimens after 608 
and 960 hours at 1050°C.  This resulted in thickening of the oxide scale at the asperity peaks, 
as shown in Fig. 4.15 and 4.16.  
Bond coat
TBC
Bond coat
TGO
480 cycles / 960 h at 1050°C
Lateral cracks in TGO
Transverse crack in TGO
 
Figure 4.15 – Micrograph of the specimen after 480 thermal cycles (960 at 1050°C), showing 
lateral cracks in TGO 
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Figure 4.16 – Micrograph of the specimen after 1827 thermal cycles (608 h at 1050°C), 
showing lateral cracks in TGO 
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It is suggested that cracks within the oxide scale are traces of the earlier formed bond 
coat/TGO interface separation [9]. Additionally the transversed cracks within the TGO were 
found (see Figures 4.12, 4.13). As a result the oxygen transport to the newly created bond coat 
surfaces the build-up of the TGO accelerates and yields “layering” of the oxide scale. Figure 
4.17 illustrates so called TGO “caps” with layered structure, which remained attached to the 
top coat after delamination. 
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Figure 4.17 – TGO “caps” remaining adherent to TBC after delamination in the specimen 
after 1827 thermal cycles (608 h at 1050°C) 
The amount of delamination after extended heat exposure can be visualized by infrared 
images (see section 3.3.1). Fig. 4.18 reveals that almost the complete ceramic coating around 
a delamination crack is no longer adherent to the bond coat. Only the dark blue areas in the 
image characterizes intact TBC (Fig. 4.18).  
Delamination crack
 
Figure 4.18 – Thermographic image of the specimen with delamination crack after 1827 
thermal cycles (608 h at 1050°C) 
A quantitative analysis of damage evaluation was carried out for the cross section SEM 
images of oxidized specimens. Number of cracks, their distribution and length were measured 
and finally represented by summarizing plots as a function of exposure time.  
In order to classify the crack types depending on their location, four variants were defined: 
- Type I: cracks in the TBC, 
- Type II: cracks at the TGO/TBC interface, 
RESULTS 
 
53 
- Type III: cracks in the TGO, 
- Type IV combined cracks (cracks propagating partly in TBC, TGO and at the interface 
TGO/TBC). 
Several cracks were also detected in the specimen at the bond coat/TGO interface. These 
cracks were not taken into account during the analysis, since this type was found only in one 
specimen after 960 h at HT (see Figure 4.14). 
The plot, shown in Fig. 4.19 demonstrates the development of all types of cracks over the 
exposure time. Note that the values of crack length are average, and minimum/maximum 
measured values are indicated as scatter. Each point in the diagram represents one measured 
specimen and only the cracks with a length of more than 10 µm were analyzed. 
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Figure 4.19 – Average crack length of different crack types as a function of exposure time 
Many microcracks of type I had formed already after the shortest exposure time (after 50 h at 
HT/25 thermal cycles). Longer oxidation resulted only in minor change in amount of these 
type of cracks. After 100 h exposure/50 thermal cycles in addition to type I cracks, one crack 
of type II was also found. Longer oxidation times resulted in development of the cracks of all 
four types. Finally, only the length of combined cracks increased up to macroscopic size after 
608 h and 960 at HT causing final spallation of the APS TBC. The cracks development after 
cyclic oxidation with the short dwell-time of 20 min fits to the general trend, which can be 
recognized from the cyclic experiments with 2 h exposure time. However, the maximum 
length of combined cracks was observed after cyclic oxidation with 20 min dwell-time. 
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Correspondingly, the TBC spallation in the latter case occurred significantly earlier than 
previously observed failure of the APS TBC specimens under the same testing conditions, but 
with the exposure time of 2 h.  
Fig. 4.20 shows a combined plot, which correlates maximum crack length (see scatter in Fig. 
4.19) and number of cracks over the exposure time. Cyclic oxidation with times up to 480 h 
results in a slight increase of both number of cracks and their length, while longer oxidation 
time results in a dramatic crack growth. This finally leads to delamination of the ceramic 
TBC. Correspondingly, the number of cracks further increases before the maximum value of 
608 h at HT/1827 thermal cycles with 20 min dwell-time is reached. 960 h exposure time 
resulted in a slightly lower number of cracks. 
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Figure 4.20 – Number of cracks and maximum crack length as a function of exposure time 
4.2 Isothermal oxidation of APS TBC coated specimens at 1000°C 
A series of isothermal oxidation experiments at 1000°C were carried out in order to compare 
bond coat oxidation kinetics and damage evolution with cyclic experiments. The development 
of TGO thickness, as well as crack evolution were systematically monitored for the specimens 
after 100, 500, 1000, 2000, 3000 and 10000 hours exposure time.  
4.2.1 TGO growth 
Fig. 4.21 shows SEM pictures of cross-sections from specimens for each exposure time. The 
thickness of the compact TGO scale increased progressively as a function of the exposure 
time. After 100 hours the compact oxide scale was 3 µm thick, and exposure for 10000 hours 
resulted in a TGO thickness of more than 8 µm.  
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Figure 4.21 – SEM images of the specimens cross sections after different exposure times at 
1000°C 
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Fig. 4.22 shows a diagram, which represents the evolution of compact TGO scale thickness 
over the high temperature exposure time during under isothermal and thermal cyclic loading.  
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Figure 4.22 – TGO thickness as a function of time at HT (isothermal and cyclic oxidation) 
Since cyclic oxidation experiments were carried out at higher maximum temperature  
(1050°C) compared to 1000°C in case of isothermal oxidation, slightly faster TGO growth 
was observed under cyclic thermal loading. 
Note that the TGO contained not exclusively Al2O3. SEM-EDX mapping confirmed the 
presence of (Ni, Co and Cr) spinels in an alumina-based TGO scale, both for the initial and 
longer oxidation state (Fig. 4.23). Longer oxidation time resulted mainly in alumina growth 
while the amount of spinel remained approximately constant. A similar behavior is described 
in [130] after isothermal oxidation of specimens with the same bond coat composition and 
APS TBC, but at a slightly higher maximum temperature of 1050°C. 
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Figure 4.23 – SEM microstructure showing the presence of spinels in TGO scale 
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Additionally after 6000 and 10000 h of isothermal exposure Y-rich protrusions (garnets) were 
present (Fig. 4.24), similar to those found in the TGO of the specimens after cyclic oxidation 
experiments (see section 4.1.1). 
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Figure 4.24 – SEM microstructures showing the presence of Y-rich protrusions in TGO scale 
Significant internal oxidation was observed after 500 hours exposure time (Figure 4.25) and 
for all the specimens with longer exposure time. The depth of internal oxidation in the 
specimen after 10000 h at HT was approximately 60 µm. This maximal value was comparable 
with that after cyclic oxidation, but note the difference in maximum temperature and total 
exposure time. 
 
Figure 4.25 – Internal oxidation of bond coat after 500 h isothermal exposure at 1000°C 
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The Al-depletion process related with TGO formation (see section 2.2.1) yielded after 100 
hours at 1000°C a zone of approximately 10 µm (Fig. 4.26).  
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Figure 4.26 - -depleted zone formed beneath the TGO after 100 h exposure at 1000°C 
The depth of the depleted region reached 70 µm after 3000 hours, which is almost half of the 
bond coat thickness. Finally, the SEM image of the specimen cross-section, which 
corresponds to 10000 hours exposure shows a completely -depleted microstructure of the 
bond coat (Fig. 4.27). 
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Figure 4.27 – SEM microstructure of the sample after 10000h at 1000°C showing TGO 
growth and -depletion in bond coat 
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4.2.2 Damage evolution 
After isothermal oxidation at 1000°C the specimens with APS TBC did not reveal 
macroscopical delamination. But many microcracks were detected in TGO, TBC and at the 
TGO/TBC interface, as shown in Fig. 4.28. Some cracks were formed between bond coat and 
TGO.   
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Figure 4.28 – Cracks distribution in the APS TBC specimen after 3000 h exposure at 1000°C 
Quantitatively the average size of all type microcracks was measured and plotted as a function 
of the exposure time in Fig. 4.29.  
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Figure 4.29 – Average crack length as a function of oxidation time at 1000°C for all types of 
cracks 
Similar to Fig. 4.19, the diagram represents the average values of the crack length 
development as a function of total exposure time. The crack distribution of one specimen for 
each exposure time was analyzed. Again the scatter indicates minimum and maximum values 
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of the measured crack size. Since no delamination occurred, it is difficult to define, which 
type of microcrack could be the one determining the TBC failure. However, combined cracks, 
which propagate partially in TGO, TBC and at the appropriate interface posses a maximum 
length compared to the other crack types. 
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Figure 4.30 – Number of cracks and maximum crack length as a function of exposure time 
 
The maximum crack length and the number of cracks are plotted in the same diagram as a 
function of isothermal exposure time (Fig. 4.30). Generally the number of cracks increased 
with exposure time up to 6000 h, except a lower value after 2000 h. After the maximum 
number of cracks (6000 h) was reached, 10000 h oxidation resulted in a minor decrease of 
crack number. The latter could be explained due to linking of microcracks in the relative thick 
TGO scale with a thickness of almost 9 µm. The maximum crack length development curve 
principally has the same trend, as that of the number of cracks. After the largest crack size, 
which corresponds to the exposure time of 6000 h, the maximum crack length decreased. 
However, it can be related to the fact, that each point in the diagram represents only one tested 
specimen.  
Generally more cracks with larger length were observed after cyclic oxidation experiments 
compared to the isothermal exposure. In addition a clear trend was found for both testing 
types: the number of cracks increases and after reaching of a certain maximum value start to 
decrease. This effect was more pronounced under the cyclic thermal loading conditions.  
4.3 Oxidation tests with EB-PVD TBC coated specimens 
In order to investigate the life-time of EB-PVD coated specimens and to determine the 
lifetime relevant limits under static and cyclic thermal loading, the oxidation experiments 
conducted with maximum temperatures between 1030°C and 1130°C. The life time of the 
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TBC system was defined as accumulated time at high temperature before the failure. The 
experiments were carried out with tubular specimens of different geometry, i.e. diameter of 6, 
12 and 19 mm. 
4.3.1 Isothermal oxidation of EB-PVD TBC coated specimens 
Since only a limited number of specimens could be tested to failure, an exact determination of 
lifetime turned out to be a problem. However, with interrupted tests, which showed no failure 
and those tests, were cooling down to room temperature caused TBC spallation, the lifetime 
could be experimentally approached. Interrupted isothermal oxidation experiments were 
carried out at temperatures 1050, 1100 and 1130°C. Due to proprietary restrictions in the 
following sections only normalized lifetimes are stated. 
Moreover the coating spallation at RT ageing was observed with 6, 12 and 19 mm diameter, 
isothermally oxidized at 1100°C specimens. A series of digital images were made with a 
certain time interval steps. After the 6 mm-specimen was removed out from the furnace, a 
lateral microcrack was observed near the edge of the specimen. This crack propagated along 
the specimen and already after 7 min at RT EB-PVD TBC was completely delaminated. First 
visible macroscopic damage of the ceramic top coat in the 12 mm-specimen was detected 
after approximately 30 min at RT, whereas the 19 mm-sample revealed first delamination of 
the TBC after 7 hours. Longer RT exposure of the specimens resulted just in a minor 
delamination progress. Fig. 4.31 shows macropictures of investigated specimens with various 
diameters after 70 hours at RT in air.  
 
Figure 4.31 – Delamination of EB-PVD coatings. Spallation pattern of EB-PVD coatings after 
70 h at room temperature 
To simplify the further evolution of life-time parameters the delayed failure at room 
temperature was not taken into account.  
Figure 4.32 shows the summarized lifetime of the EB-PVD system during isothermal 
oxidation at different temperatures, which is time at maximum temperature before failure at 
room temperature. There is a clear dependence of the lifetime on the specimen geometry, 
because decreasing radius resulted in earlier failure of the samples. The lifetime of the TBC 
system also strongly depends on the exposure temperature. The 12 mm specimen exposed at 
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1130°C failed after a time, which is almost 12 times shorter, than the lifetime of the sample 
with same geometry, but exposed at 1050°C. 
 
Figure 4.32 – Normalized lifetime of EB-PVD coated samples during isothermal oxidation 
4.3.2 Cyclic oxidation of EB-PVD TBC coated specimens 
The cyclic oxidation tests with the EB-PVD coated tubular specimens were carried out with 
short cycles. The cycle profile consisted of a rapid heating to the maximum temperature (1.5 
min), a 5 min dwell-time and a fast cooling down to the room temperature during less than 
one minute (Fig. 4.33).  
 
 
Figure 4.33 – Temperature profile of cyclic oxidation with maximum temperature of 1100°C 
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In order to study the influence of temperature on lifetime of the specimens different maximum 
temperatures (1050, 1100, 1130 and 1150°C) were selected again.  
The first visible macroscopic delamination of the ceramic coating was in almost all cases 
observed at room temperature and after some delay. In order to monitor the time of the 
delayed failure at room temperature, the specimen was not removed from the quartz stage, but 
kept fixed on the mounting stage. This excluded a possible mechanical damage of the sample, 
which could have happened in case of manual transfer to an observation stage. Considering 
the uncertain locus of first failure, a 360° coverage of the specimen surface was achieved by 
using two inclined mirrors behind the specimen. A digital camera system recorded all the 
visible changes on the coating surface. As an example, Fig. 4.34 shows a major macrocrack of 
the TBC of a 12 mm specimen.  
 
Figure 4.34 – Specimen observation using a mirror system 
The life-time of the EB-PVD specimens with different diameter, as a function of maximum 
temperature is summarized and presented in the diagram of Fig. 4.35. Note, that the lifetime is 
normalized again. A clear dependence of the time-to-failure on the specimen geometry, e.g. 
substrate curvature, as well as on the maximal temperature is given: the specimens with 
smallest diameter (6 mm) failed fastest and the shortest life-time was observed for the 
specimens with the highest temperature exposure (1130°C).  
Due to proprietary interest of the specimen supplier, there was no possibility to carry out a 
microstructural investigation of the damage mechanisms within the EB-PVD specimens, as it 
was done for the APS coatings.  
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Figure 4.35 – Life-time of EB-PVD specimens at cyclic exposure 
4.4 Delayed failure of EB-PVD system after cyclic oxidation 
In order to further investigate the delayed failure of the EB-PVD specimens at room 
temperature the remaining crack driving capability of specimens with partially delaminated 
ceramic coating was examined after cyclic oxidation. Fig. 4.36 illustrates the TBC spallation 
of a 12 mm specimen after 142 hours at room temperature. Note, that the specimen has been 
rotated by approximately 90° between the individual pictures to allow a 360° coverage of the 
surface. 
   
 
Figure 4.36 – Failure pattern of the EB-PVD specimen at room temperature after cyclic 
oxidation 
Infrared thermography was applied to investigate the delamination process in further detail. 
The specimen was heated up by two flash lamps with infra-red filters and during cooling 
down an infrared camera recorded the heat distribution on the specimen surface (Figure 4.37). 
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Figure 4.37 – Infrared camera with flash generators for thermographic analysis. The 12 mm 
EB-PVD specimen after 142 hours at room temperature fixed on the stage 
Compared to the optical image of the specimen, the infrared image clearly reveals the 
difference between still adherent to the bond coat TBC and ceramic top coat, which is already 
delaminated (Fig. 4.38). The intact area has a blue color, which reflects good heat 
transmission to the substrate material. Yellow / red regions of the ceramic top coat cool down 
slower and correspondingly have less thermal conductivity, as expected for delaminated 
coating. Fig. 4.41 shows the decay of normalized temperature with time at different locations 
indicated in Fig. 4.40, which gives qualitative values proportional to thermal conductivity for 
different locations of the investigated specimen. The color of the temperature curves from Fig. 
4.39 corresponds to the colors of the symbols indicated on the specimen surface of Fig. 4.38.  
    
 
Figure 4.38 – Optical and infrared image of investigated specimen 
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Figure 4.39 – Temperature of the TBC surface during cooling, as a function of time and 
position 
Starting with the images of Fig. 4.38 as reference (after 240 hours at room temperature), 
almost no significant progress in delamination was observed in the following 300 hours at 
room temperature (Fig. 4.40). However, sharp-cornered areas became smoother and more 
round-shaped. 
Reference 50 hours 90 hours 300 hours
 
Figure 4.40 – Infrared pictures of the specimen, indicating the TBC delamination progress 
during 300 hours at ambient temperature 
The situation changed, when water was deposited by needle injection around the ceramic 
coating of the “blue area” (approximately along the dashed contour – Fig. 4.41). The 
delamination first accelerated, then slowed down and finally stopped. After more than 100 
hours, the H2O-treatment was repeated (Fig. 4.42), which resulted again in accelerated 
delamination and than faded out during 100 hours. A third attempt to force delamination by 
addition of water did not give any effect. As a general trend, it could be observed, that the 
delamination crack propagated more in radial than axial direction.  
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Figure 4.41  – The part of TBC, which is still intact 
The blue area of still adherent ceramic top coat, indicated in Fig. 4.41 as a “contact area”, was 
selected, as a main parameter to characterize quantitatively the delamination crack motion and 
to analyze the delamination kinetics. The delamination progress of the TBC is reflected by the 
decrease of this blue region as plotted in Fig. 4.43.  
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Figure 4.42 – Infrared pictures of the specimen, showing the effect of water on TBC 
delamination progress between 300 and 575 hours at room temperature 
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Figure 4.43– Change of delamination area as a function of time at room temperature 
The three testing periods are clearly represented in the diagram: 
- 0 - 300 hours: slow crack growth in air; 
- 300 - 450 hours: crack growth, initially accelerated by moisture (H2O) and then slowed 
down; 
- 450 – 750 hours:  crack growth, initially accelerated by moisture (H2O) and then 
completely stopped. 
Assuming, that the shape of the “contact area” can be simulated by a circle of similar size, the 
change of radius with time was calculated and taken as crack velocity. The moisture assisted 
subcritical crack growth was observed and described, basing on the investigated specimen. 
The calculated crack velocity between 5.67·10-10 and 1.91·10-10 [m/sec] fits to the data for 
SCG in Al2O3, proposed by Evans, as shown in Figure 5.1. Assuming further, that the Al2O3 
of the TGO governs the subcritical crack growth, then according to Fig. 4.44, a crack driving 
residual stress intensity of about 2.6 MPa·m-1/2 provided the source for the observed desk-top 
effect. 
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Figure 4.44 – Calculated crack velocity and SCG data given by Evans [146] 
4.5 Thermal strain measurements during cyclic oxidation of EB-PVD 
specimens 
Thermal strain analysis was accomplished by means of the grey scale correlation of digital 
pictures of the EB-PVD TBC surface (see section 3.3.2), whereby the emphasis was on the 
changes during the cooling phases of the cyclic oxidation tests. The grey scale images of the 
TBC surface at higher temperatures were compared with the final picture at room 
temperature. Such measurements during the cooling phase were carried out for example with 
a 12 mm specimen after defined number of thermal cycles. However, no significant changes 
in the strain behavior were detected.  
The other interesting information that could be drawn from the experiments is related with the 
cooling phase of the thermal cycle. The average strain as determined from grey-scale analysis  
of the 12 mm specimen after 600 thermal cycles (approximately 46% Nf) is plotted as a 
function of temperature during cooling in Fig. 4.45.  
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Figure 4.45 – Thermal strain development during cooling phase (after 600 thermal cycles) 
The maximum strain of 1.2 % at 800°C, as determined from the displacement of the TBC 
surface, fits to the temperature-dependent expansion behavior of the base material CMSX-4 
rather than to TBC expansion. The data for thermal expansion behavior of CMSX-4 substrate, 
NiCoCrAlY bond coat and EB-PVD TBC calculated using the results of [23] (Fig. 4.46), 
would have predicted a 25% lower strain for the TBC at 800°C. 
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Figure 4.46 –  Calculated strain behavior of substrate material, bond coat and TBC. Based on 
thermal expansion data of [23] 
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Figure 4.47 – Measured thermal strain at TBC surface as a function of temperaute compared 
with thermal expansion of the substrate and TBC  
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The diagram in Fig. 4.47 emphasizes this finding by the comparison of the strain data of four 
selected cycles with the expansion behavior of CMSX-4 and the ceramic top coat [23], both 
denoted as dashed lines. The numbers of cycles are given, as the percentage of the total 
number of cycles N to failure. Fairly good agreement of the measured data with the CMSX-4 
expansion behavior is observed in the temperature range between 400 and 800°C. Below 
400°C the strain-temperature curves for substrate and ceramic coating are very close to each 
other, which makes the analysis less sensitive. In conclusion it can be assumed that the 
ceramic top coat was still adherent to the bond coat and the substrate during the 
measurements. The dominating role of the single-crystal Ni-base superalloy for the expansion 
of TBC on the cylindrical specimen is obvious. 
The initial idea to monitor the development of TBC delamination could not be demonstrated 
with the grey-scale experiments, as conducted in the present work. The limited size of the 
observation spot (800800 m) and the central location of the observation might have also 
contributed to this result. Nevertheless the basic concept of in-situ microscopic observation of 
the TBC surface during cooling proved to be successful at least in the temperature regime 
between 800°C and room temperature. 
4.6 Curvature measurement  
The curvature behavior of MTU specimens (see section 3.2.3) was measured in various 
temperature intervals and is described in this chapter. The curvature tests were carried out 
using the two different types of equipment; a high temperature telescope system and optical 
fleximeter, both described in section 3.2. The experimental matrix is presented in Table 4.1 
Table 4.1 –Curvature experiments with EB-PVD specimens 
 Substrate thickness, m Material Tmax, °C
800
1000
1200
800
1000
1200
800
1000
1100°CCMSX-4+(Ni,Pt)Al BC+TBC 
 750°C CMSX-4+(Ni,Pt)Al BC
1100°CCMSX-4+(Ni,Pt)Al BC+TGO
 
4.6.1 As-received state 
Due to the asymmetry of the layered composite specimens and thermal mismatch stresses 
warping of the specimen occurs when cooled down from the deposition or the annealing 
temperatures of the coatings. To characterize the as received situation of the specimens, the 
residual stress induced curvature was first determined at room temperature (Fig. 4.48) from 
contour measurement with a measuring microscope. The two-layers specimens with TGO are 
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included into the group CMSX-4+(Ni,Pt)Al, since only a minor difference in RT curvature 
was recognized compared to the specimens without TGO. 
The specimens coated with TBC exhibit a higher absolute value of curvature, in accordance 
with the larger CTE mismatch between the ceramic TBC, the metallic bond coat and substrate 
material. But the curvature has an opposite sign in case of the three layers system, compared 
to the samples without ceramic coating on top. In the two layer specimen the higher thermal 
expansion of the bond coat compared to the substrate governs the direction of curvature. The 
shape of the curvature in the two layers system is defined as negative, the curvature of three 
layers specimen as being positive. There is also a clear dependence of curvature on the total 
sample thickness: the curvature decreases with increasing substrate thickness. However, 
almost all of the specimens without the TBC layer did not reveal a significant curvature, 
except the one with the smallest total thickness. Note that also accidental deformation during 
the manufacturing process could have influenced the measured curvature. 
The results provide the base level for similar measurements, which have been conducted as a 
function of temperature. 
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Figure 4.48 – Initial curvature of MTU specimens at RT versus total thickness with and 
without TBC. 
4.6.2 Theoretical model for curvature behaviour of multilayer system 
Thermoelastic curvature behavior of a multilayer coating system can be calculated, based on 
the bending theory [159]. Considering a specimen with n layers, thickness of layers (H – for 
substrate and h1…hn for the coatings), the thermal strain of the individual layer can be 
expressed, as: 
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where i is a thermal expansion coefficient of i-layer. T0 and T correspond to the minimum 
(RT) and the maximum temperature of the heat treatment.  
The distribution of bending strain, which is the second component in addition to thermal 
strain, can be calculated as [160]:      
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where c is the uniform strain component, y is the ordinate of the point, tna is the position of 
the neutral axis, i.e. zero bending strain (Fig. 4.49).  
y
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Figure 4.49 – Schematic of a curved multilayer specimen with n layers 
Note that all calculations in the present work consider the bottom edge of the specimen 
(uncoated substrate) as the position of the zero y-coordinate.  
Combining Hook’s law together with Eq. 4.2 and 4.3, the temperature induced bending 
stresses can be evaluated for different y-positions, as a function of c, tna and R: 
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The boundary value for the uniform strain component c is defined as: 
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where S and ES are the CTE and the elastic modulus of the substrate.  
The neutral axis position tna is determined as a function of the layer thickness, as well as the 
geometrical and thermomechanical properties of the layers: 
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From the equilibrium of bending moments 
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and Eq. 4.6 and 4.7 the radius of curvature  R [161] of a n-layer system can be obtained in the 
temperature range from T0 to T: 
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With equation (4.7) the thermoelastic curvature of the MTU specimens with (Ni,Pt)Al bond 
coat was calculated as a function of temperature. For the simplest case with a two layers 
system (substrate and bond coat) Eq. 4.8 simplifies to: 
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Substituting the temperature dependent E and  data of substrate and bond coat from Table 
4.3 in Eq. 4.9 yields the thermoelastic curvature behavior plotted in Fig. 4.50. 
Table 4.3. Thermoelastic mechanical properties of CMSX-4 and (Ni, Pt)Al [162] 
 
20°C 200°C 400°C 600°C 800°C 1000°C
Substrate 122,0 116,0 109,0 103,0 94,5 82,9
(Ni, Pt) Al 118,0 115,0 103,0 88,0 66,5 37,0
Substrate 11,5 12,0 12,6 13,7 14,5 15,8
(Ni, Pt)Al 11,2 12,7 14,5 15,3 16,3 17,0
E, GPa

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Figure 4.50 – Predicted thermoelastic curvature behavior of the specimens with different 
substrate thickness and measured values for RT curvature 
The thermoelastic curvature behaviour of the 2-layer system is predicted in Figure 4.50 for the 
three different values of the total specimen thickness (0.8 mm, 1 mm and 1.2 mm) in the 
temperature range between room temperature and 1000°C. The largest curvature change is 
expected in case of the thinnest multilayer system. The curvature of the 2-layer systems 
decreases during heating up to 570°C. Approximately at this temperature the curves intersect 
the zero-curvature line. Further heating results in opposite curvature. The symbols plotted in 
Fig. 4.50 indicates agreement of the as-received curvature of MTU specimens at RT (see 
section 4.7.1) with predicted behaviour.  
In a second step, with the calculated temperature behavior of curvature, also the stress 
distribution in the layers can be determined from relationship 4.10, combining equations (4.3, 
4.4 and 4.6): 
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The results are plotted in Fig. 4.51 and 4.52 for room temperature and 400°C. 
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Figure 4.51 – Residual stress distribution through the thickness of base material and bond coat 
at room temperature 
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Figure 4.52 – Residual stress distribution through the thickness of base material and bond coat 
at 400°C 
The bending stress within the base material layer is linearly distributed. A compressive 
residual stress of about 20 MPa is calculated near the substrate/bond coat interface at room 
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temperature, while the other uncoated site of the substrate is under tension (10 MPa). At 
400°C the nominal values of residual stress in substrate and bond coat decrease. Compressive 
stress of 6 MPa was calculated close to the base material/bond coat interface and tensile stress 
of 3MPa at the other side. 
An average tensile residual stress of 46 and 11 MPa in bond coat (thickness - 70 m) was 
calculated at room temperature and 400°C, respectively. Within the given resolution the 
through-thickness stress in the bond coat can be assumed to be constant. 
Approximately at 570°C the investigated multi-layer system is expected to be free from 
residual stress due to zero curvature. Further increase of temperature results in opposite 
curvature and opposite sign of residual stress. However the experimental curvature 
measurements (see section 4.7.6) showed a linear elastic behavior of the current bond coat 
only in the temperature range between RT and 400°C and therefore the stress calculation at 
higher temperatures was not conducted.  
Note that the resulting total residual stress (integration of stress over the thickness) in the 2-
layer system must be zero for both selected temperatures. Since the components of a 
multilayer TBC system are in mechanical equilibrium, residual stresses within the individual 
layers or at appropriate interfaces should compensate each other, and the superposition of 
residual stress should be always zero. It is important to mention, that the present calculation of 
residual stress is applicable only for a fully linear elastic regime.  
The temperature range in which the multilayer specimens actually follow the thermoelastic 
curvature behavior was experimentally investigated with two different methodological 
approaches. 
4.6.3 Curvature measurements using high temperature telescope system 
The use of a high temperature long distance telescope system allowed to determine 
experimentally the curvature of the multilayer specimens as a function of temperature. Two 
techniques: I - “edge contour” and II - “displacement” measurement were applied. 
4.6.3-I Method I. Edge contour measurement 
Fig. 4.53 shows images of the specimen side face obtained with the telescope system at room 
temperature and 750°C. Note that due to processing the complete side face is covered with the 
coarse grained single phase bond coat. The contour method is based on the manual selection 
of locations along the specimen edge and measurement of their x and y coordinates.  
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Figure 4.53 – Microstructure of bond coat surface during the curvature measurement 
As an example of such a plot of x-y coordinates, the edge contour of a two layer specimen 
with 0.8 mm thick substrate is presented in Fig. 4.54. As mentioned above, rough unpolished 
sample edge resulted in some scattering of the measured data. 
 
Figure 4.54 – Curvature of the specimen measured by contour method at 150°C 
To extract the curvature from the measurement the contour data should be, in principal, fitted 
by a circle with appropriate radius (Fig. 4.55 a). If the radius of curvature is much bigger than 
the circular segment of interest, the arc can be also reasonably well approximated by parabola 
(Fig. 4.55 b). Since contour data can then be fitted by a polynomial of second order 
(y=ax2+bx+c), the coefficient a yields curvature (1/2R). 
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Figure 4.55 – Evaluation of curvature from the measured data along the specimen edge. a) 
Radius of curvature, b) Small segment, where parabola and circle coincide 
(black arc) 
4.6.3-II Method II. Displacement measurement 
The method of displacement measurent relies compared to “contour” measurements on just 
one position in the middle of the specimen edge. The change of the vertical coordinate of this 
position with temperature relative to the reference distance is monitored as displacement (Fig. 
4.56).   
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Figure 4.56 – Schematic drawing of the specimen and supporting stage for the displacement 
measurements  
dexp is the measured distance between specimen and ceramic base plate; d0 is the reference 
distance, which reflects the height of silica blocks which support the specimen, L is the 
distance between silica blocks and D is the deflection. 
For sufficiently small displacements, the experimentally determined displacement of the 
specimen centre can be converted into curvature by 
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where R is the radius of curvature. 
4.6.4 Curvature results from high temperature telescope system 
Two layer specimens were investigated in the temperature range between room temperature 
and 750°C with the “contour” method. The thermal cycle included a 1 hour dwell-time at 
maximum temperature. Fig. 4.57 and 4.58 show curvature changes of the specimens with a 
total thickness of 0.8 and 1.2 mm, respectively. 
The thinnest specimen revealed the largest curvature change. The samples with thicker 
substrate are less curved, but the diagrams demonstrate very similar temperature dependence 
of the curvature. During heating the curvature of all specimens decreased towards becoming 
flat at T  550 - 600°C. Further heating resulted in opposite (positive) curvature. However, the 
zero-curvature transition could not be determined accurately with the contour method due to 
the existing data scatter. 
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Figure 4.57– Curvature behavior of a 0.8 mm specimen during thermal cycle with 1 h dwell-
time at 750°C (contour method) 
During the dwell-time at 750°C a small decrease of the curvature was observed. Thus the 
room temperature value of the curvature after the thermal cycle was slightly lower than the 
initial one. An example for the “displacement method” is shown in Fig. 4.58. 
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Figure 4.58 - Curvature behavior of the 1.2 mm specimen during thermal cycle with 1 h 
dwell-time at 750°C  
The temperature dependent curvature of the specimen with a thick substrate (1.2 mm) shows a 
similar curvature behavior as displayed in Fig. 4.57. The small shift during high temperature 
dwell time has probably to be attributed to the scattering effects.  
Although both methods of curvature measurements reveal similar results, they lack of 
reasonable continuity in the data. The high temperature telescope system obviously amplifies 
topographical inhomogeneities along the specimen edges. The curvature determination 
procedures seem perfect, when the measured curvature values are significantly higher than the 
microscopical edge roughness. Polishing the edges of the sample before the test improved the 
results, but the technique was not further applied, since the method in section 3.2.3 also 
worked without this preparation step.  
The measured curvature data can be compared with the theoretical thermoelastic predictions. 
The curvature was calculated as a function of temperature (Eq. 4.9). The analytically 
calculated curves show the same trend as the experimentally measured data. The calculated 
zero curvature transition is 570°C.  
A fair qualitative agreement exists between elastic calculation and experiment, but the 
measured curves in Fig. 4.59 also indicate that despite of the scatter, the curvature of the bi-
layer specimens experience a more structured change than the linear model approach predicts. 
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Figure 4.59 – Agreement of experimentally measured and calculated curvature behavior 
To resolve the curvature behavior continuously as a function of temperature a novel method 
of optical fleximeter measurements was applied, and the measurements with the telescope 
system (3 specimens) were terminated. 
More precise curvature measurements were carried out with the optical fleximeter, which 
works automatically and appears not to be so sensitive to the specimen topography. 
4.6.5 Curvature measurements with an optical fleximeter 
The optical fleximeter measures in contrast to the telescope system the displacement change, 
rather than the absolute values. The system is focused on a small area of the specimen edge 
and the instrument follows the movements of this area during the thermal cycling. As a result, 
the displacement behavior of the multilayer system can be monitored continuously as a 
function of time and temperature. Therefrom then the curvature behavior is obtained. But note 
that the equipment had to be continuously modified and improved to satisfy the high 
resolution demands related with the small curvature of the specimens. 
As mentioned in the chapter 3.2.3, special quartz and alumina stages were used to support the 
MTU-specimens during the measurement. Thus the support  device required additional 
calibration. Fig. 4.60 shows the magnitude of displacement of the alumina stage during 
thermal cycle compared to the displacement change of one of the samples. A similar result 
was obtained for the quartz stage. 
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Figure 4.60 -  Displacement change of 1 mm specimen together with calibration curve of 
alumina table 
The obtained displacement data fit to the theoretical thermal expansion of Al2O3 with such a 
geometry. The alumina specimen table revealed lower thermal expansion behavior compared 
to that of the quartz. As shown in Fig. 4.61, the same 0.8 mm specimen on the quartz stage 
revealed higher absolute value of displacement compared to that of the alumina stage. All 
experiments were carried out with the former. Given the relatively small absolute expansion 
values of the support stages a correction of the data with respect to the expansion of the stage 
material was neglected. 
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Figure 4.61 – Displacement of the 0.8 mm specimen during heating (quartz and ceramic 
stage) 
The specimens, already tested with the telescope observation system were measured again 
with the optical fleximeter. Fig. 4.64 shows the displacement change of the thinnest sample as 
a function of temperature.  
Since the sample had a negative curvature before the test, the initial increase of the 
displacement indicates the change toward a less curved specimen. The temperature range 
below 150°C in Fig. 4.62 was influenced by equipment problems. Nevertheless, reliable 
results were obtained at higher temperatures. After a continuous increase of the displacement, 
at approximately 570°C the curve changed its direction. A characteristic minimum was 
detected at about 700°C during the heating phase. Afterwards again the flattening of the two 
layer system was observed. The cooling curve revealed no peaks and was between 550°C and 
150°C parallel to the heating behavior.  
Fig. 4.63 shows the displacement data for the specimens with 1 and 1.2 mm total thickness, 
measured during heating up to 750°C together with 0.8 mm specimen curvature, shown in 
Fig. 4.62. The samples behave in a similar way. At low temperature the heating curves of the 
1 and 1.2 mm specimens do not show fluctuation which was a result of an improved cooling 
system. Two extremes are consistently observed between 500 and 700°C. 
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Figure 4.62 – Displacement change of  0.8 mm specimen as a function of temperature 
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Figure 4.63 – Displacement change of 0.8, 1 and 1.2 mm specimens as a function of 
temperature 
The comparison of the measurements, provided using different equipment, i.e. telescope 
system and optical fleximeter is shown in the Fig. 4.64. The diagram shows fairly good 
agreement of the data. The observed shift of the local minimum about 50 °C can be explained 
due to different measurement methods. In the case of optical fleximeter the temperature of the 
specimen was monitored, whereas the furnace with telescope system recorded the furnace 
temperature.  
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Figure 4.64 – Comparison of displacement data measured using telescope system and optical 
fleximeter 
In the fleximeter tests it was noticed, that the amount curvature change of the specimen 
decreased with increasing number of cycles. In addition the two extremes between 500 and 
700°C were slightly shifted towards lower displacement, as shown in Fig. 4.65.  
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Figure 4.65 – Displacement change of 0.8 mm specimen as a function of temperature for a 
different cycle number 
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The second set of curvature experiments focused on measurements with specimens, which 
were already oxidized and where a thin TGO scale had formed on the bond coat surface. Since 
the cooling curves of all the specimens were parallel and the change of displacement direction 
was only observed during heating, it appeared reasonable to analyze and compare the 
displacement of the specimens only during the heating phase. 
The displacement data of the oxidized specimens are plotted as a function of temperature in 
Fig. 4.66 for three specimens with different substrate thickness. The maximum temperature of 
1100°C was selected in the experiments, as well as a 1 hour dwell-time at high temperature. 
The general behavior remained similar – the specimen initially tend to become flat up to 
approximately 500°C. Moreover, the displacement changes up to 750°C are similar to those of 
the specimens without TGO layer. At higher temperatures at least one more significant change 
of displacement direction is observed at about 800°C. Thereafter the specimens tend to flatten 
again. The effect is most pronounced for the thinnest specimen at 950°C.  
It is important to mention, that all specimens after cooling down exhibited a remaining 
displacement, which was about 20 to 25 µm less, than that before thermal cycle. Thus the 
curvature of the multilayer system is slightly reduced during the thermal cycle. 
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Figure 4.66 – Displacement change of the specimens with TGO over the heating phase 
In order to transform the measured data to the absolute values of  displacement during 
heating, the curves were adjusted to the initial displacement of the specimens at room 
temperature. This procedure is correct if the sample is heated up and cooled down for the first 
time. In case of repeated measurements, it is necessary to determine the RT displacement 
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independently every time directly before the next thermal cycle. Fig. 4.67 shows the change of 
displacement for the specimens with TGO during the first thermal cycle being adjusted to the 
as-received displacement state. 
All three specimens intersect the zero displacement line at about 700°C after having 
approached zero-displacement at T=500°C. The 1 and 1.2 mm specimens tend to become flat 
at a temperature higher than 800°C. The curvature of the thinnest sample is further increasing 
in positive direction even at T>900°C, which might be caused by oxidation, having a stronger 
impact on substrate curvature in the case of thin samples than for thicker substrates.  
The comparison of two specimens of the same substrate thickness with and without TGO is 
illustrated in Figure 4.68. 
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Figure 4.67 – Displacement change of the specimens with TGO referred to initial curvature 
values 
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Figure 4.68 – Displacement change of the specimens with and without TGO during heating up 
Obvious differences in displacement change exist. The 1 mm specimen without TGO 
possesses a different initial slope and a higher value of the maximum displacement change. 
However, between 650 and 750°C the heating curves of both samples are almost identical 
with respect to the slope and the absolute value of the displacement. The relative minimum at 
around 500 and 620°C is slightly shifted towards higher temperatures for the specimen with 
TGO. 
Besides the two layer specimens also those with TBC in addition to substrate and bond coat 
were tested. 
Since the initial curvature of the specimens, coated with EB-PVD TBC, is positive, the 
displacement change has the opposite sign during the heating cycle. Fig. 4.69 shows the 
measured displacement as a function of temperature increase adjusted to the initial curvature 
of these specimens in the as-coated state.  
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Figure 4.69 – Displacement change as a function of temperature for 0.8 and 1 mm specimens 
with TBC 
 
The following temperature ranges of the curves can be discriminated: 
 RT…550°C – displacement decrease (above  400°C with a steeper slope) 
 500…700°C – region with almost constant displacement, 
 700…950°C – further decrease of displacement (after crossing the zero-line negative 
displacement, i.e. opposite curvature of the specimen observed), 
 > 980°C – increase of negative displacement towards zero-line.  
Fig.4.70 shows the comparison between the displacement change of two 0.8 mm specimens 
with and without TBC on top. Since the specimens with ceramic EB-PVD TBC revealed the 
initial curvature of an opposite sign, the main characteristic extremes are also mirrored 
compared to the displacement curve of the bi-layer specimen. The maximum change of 
displacement of the three-layer specimen was more than three times larger than that of the 0.8 
sample without TBC. 
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Figure 4.70 – Displacement change as a function of time for 0.8 mm specimens with and 
without TBC 
4.6.6 Short summary of curvature measurements with optical fleximeter 
The curvature of the specimens, measured with the optical fleximeter show initially (at lower 
temperatures) a relative good agreement with predicted thermoelastic behavior of the 
multilayer system (see section 4.7.2). In the temperature interval between RT and 400°C 
(elastic regime), the displacement curves revealed approximately linear behavior. Maximum 
deviation of experimental data from predicted curvature was about 0.05 1/m which 
corresponds to displacement of 25 µm (Fig. 4.71).  
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Figure 4.71 – Agreement of experimentally obtained curvature of 0,8 and 1 mm specimens 
and predicted thermoelastic behavior 
The two layer specimens revealed a negative curvature at RT in as-received condition, i.e. 
curved to the bond coat. The direction of curvature change during heating is in principal 
defined by a difference of CTE of the individual layers. The thermal expansion coefficient 
data for the single phase (Ni,Pt)Al bond coat, available in literature, indicate a slightly higher 
CTE value than that of the base material in the temperature range between RT and about 
500°C. The experimental results show the expected behavior in this case. However, two 
extremes are always observed between 500 and 700°C, which are not predicted by the linear 
elastic approaches. There is a thermal expansion measurement of similar constituents as in the 
present substrate/bond coat system available [163] which might explain the observed changes 
in curvature (Fig. 4.72). 
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Figure 4.72 – Physical CTE of the separate phases of NiCoCrAlY bond coat [163] 
Fig. 4.72 displays the thermal expansion coefficients of - and -phases as a function of 
temperature up to 1100°C. Since the current bond coat is a single -phase material and 
CMSX-4 has a -matrix, it can be roughly assumed that the diagram represents thermal 
expansion behavior of the base material and the bond coat. Since the experimentally obtained 
CTE data for (Ni,Pt)Al [162] in elastic regime are slightly higher than those for CMSX-4 [23], 
the diagram in Fig. 4.74 can be schematically represented for the current substrate and bond 
coat and plotted together with the measured curvature change of the 0.8 mm specimen (bond 
coat+TGO), as shown in Fig. 4.73.    
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Figure 4.73 – Schematic correlation of experimentally determined displacement and CTE-T 
diagram of the substrate and bond coat 
It is obvious, that both the curvature change and CTE data as a function of temperature reveal 
five characteristic regions. Correlating a schematic CTE-T diagram based on CTE data given 
in Fig.4.72 with the curvature results for the bi-layer specimen given in Fig.4.67 following 
behavior is expected: 
RT - 500°C: 2 > 1, change of curvature to the substrate, i.e. flattening of the sample; 
500 - 600°C: BC < S, change of curvature to the bond coat, i.e. specimen becomes more 
curved; 
600-800°C: BC > S, flattening; 
850-1050°C: BC < S, specimen again becomes more curved; 
> 1000°C:     BC > S, flattening. 
Only a minor shift (less than 50°C) with respect to the temperatures, corresponding to the 
extreme points was observed in the curvature diagram compared to the CTE curve. However 
this can be due to the TGO growth. 
In order to demonstrate the microstructural reasons for such thermal expansion behavior 
additional experiments need to be carried out. 
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5 DISCUSSION 
5.1 Failure mechanism of APS TBC during isothermal and cyclic 
oxidation 
The detailed microstructural analysis of the specimens with APS TBC after isothermal and 
cyclic thermal loading allowed to investigate the failure mechanisms based on the crack 
development and oxidation kinetics. First TBC delamination occurred after approximately 600 
h at HT in cyclic exposure, while no spallation of ceramic coating was observed after 
isothermal oxidation up to 10000 h. The maximum temperature of cyclic oxidation was 
1050°C, which was 50°C higher than that of isothermal exposure. However a qualitatively 
similar crack evolution and sub-parabolic TGO growth kinetics were monitored in both cases. 
After isothermal oxidation the maximum thickness of the compact TGO scale was 
approximately 9 µm compared to 8 µm after cyclic oxidation. But again it should be 
mentioned, that after the same exposure time of approximately 1000 h the TGO thickness was 
almost twice of that after cyclic oxidation (see Fig.4.22).  
Even if the difference in maximum temperature between the two applied exposure conditions 
is not considered, it can be assumed, that the cyclic exposure causes faster failure of the APS 
TBC [130], because the cyclic loading influences the residual stress distribution and thus the 
level of local stresses, promoting the propagation of cracks near the TGO [116]. Note that the 
delamination crack classification with respect to different loading profiles, given in [130], 
allowed the conclusion that pure thermal cycling without dwell-time at high temperature led 
to the delamination crack path only in TBC. Microcracks in the TGO were not observed, 
whereas cyclic loading with increasing dwell-times led to a spallation crack shifted towards 
TGO.  
In the present work, the longest cracks, which led to delamination of the ceramic top coating 
were after isothermal and cyclic oxidation located partly in TBC, TGO and TGO/TBC 
interface. Additionally transversal cracks as well as separations between the bond coat and 
TGO, which caused TGO “layering” were observed. In contrast more cracks of an average 
length (20-30 µm) were found within the oxide scale after isothermal oxidation. 
TGO growth of a compact alumina scale was accompanied by formation of -depleted zone, 
which continuously developed beneath the bond coat/TGO interface under both load 
conditions with increase of exposure time. Isothermal exposure of 10000 h resulted in 
complete Al-depletion of the bond coat (see Fig. 4.28). Note that except the -depleted zone 
beneath the TGO scale a similar zone developed above the substrate due to the interdiffusion. 
This completely depleted bond coat would lead to the formation of less adhesive mixed oxides 
and subsequent delamination during further exposure. 
The possible failure mechanism of the APS TBC system under cyclic loading with dwell-time 
at high temperature can be the following. First microcracks are formed at the TGO/TBC 
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interface. After longer high temperature exposure time: when TGO scale thickness reaches the 
value of approximately 6 µm, cracks within the alumina oxide develop. Further thermal 
cycling and HT exposure at high temperature leads to the growth and coalescence of different 
type microcracks. Such a continuous degradation of APS TBCs [164, 165] together with the 
bond coat oxidation [100, 166] result in spallation of the ceramic top coating.  
5.2 Failure of EB-PVD TBC during isothermal and cyclic oxidation 
In contrast to the systematic microstructural analysis of APS TBC system, the specimens with 
EB-PVD ceramic top coating were investigated by means of non-destructive inspection. All 
isothermal and cyclic oxidation experiments with EB-PVD system were conducted with in-
situ observation of the ceramic surface around the specimen.  
Only a minor difference was found in a life time of the specimens after isothermal and cyclic 
oxidation. Almost all the EB-PVD TBC coated specimens failed rapidly at room temperature, 
after they were removed from the furnace. Some samples showed delayed “desktop failure” 
and none failed during HT exposure. Infrared thermography method was applied in order to 
study delamination progress at room temperature.  
5.3 Comparison of failure process in EB-PVD and APS TBC systems 
The experimental life time data of the tests carried out with EB-PVD and APS TBC 
specimens can be summarised in simplifying approach according to Fig.5.1. The weakening 
of mechanical integrity of the two TBC systems seem to follow a different behavior.   
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Figure 5.1 – Simplified schematic of failure behaviour of APS and EB-PBD TBC systems 
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Since most of EB-PVD specimens failed at RT, it is assumed that during HT exposure the 
ceramic coating stays adherent. Delamination of EB-PVD ceramic coating only occurred 
during cooling after isothermal/cyclic oxidation or after RT ageing (desktop failure). 
Therefore a fast decrease of mechanical integrity in the TBC system is assumed to occur 
during cooling phase and at RT.  
In contrast, failure of APS TBCs was observed to be continuous process, which develops 
during isothermal or cyclic oxidation. Note that there is also evidence in literature with respect 
to the desktop effect of APS TBC systems [130, 167]. Delamination cracks can further 
propagate at ambient temperature, which is also indicated in the schematic. 
5.4 Life time prediction of EB-PVD TBCs 
In order to describe experimental results, obtained with the cylindrical EB-PVD TBC 
specimens under cyclic and isothermal oxidation loading an analytical approach was 
developed, which follows the failure behavior outlined in Fig. 5.1. The approach is based on 
the assumption that TBC failure (radial fracture, delamination) occurs when a critical radial 
stress intensity (Kresidual), caused by thermally and oxidation induced stresses, developed at the 
TGO/bond coat interface. The growth of the delamination crack can be determined from the 
condition expressed by  
adhesionresidual KK      (5.1) 
where Kadhesion is a critical "toughness" value identifiable with interfacial bonding. 
Fig. 5.2 illustrates in a schematic drawing the increase of residual stress intensity (related with 
the growth of the TGO scale) as a function of time. When residual stress intensity reaches the 
value of Kadhesion, failure of the TBC system occurs after a critical time tc (life time). 
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Figure 5.2 – Schematic graph showing stress intensity and material toughness as a function of 
time 
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The residual stress intensity is generally given by [168] 
    cYK
radial
residual      (5.2) 
where c radial
 is a radial stress, Y is a dimensionless geometry factor and c is the defect size. 
Note that in the model mode I crack opening is assumed.  
Mismatch in the coefficients of thermal expansion between substrate/bond coat and TBC 
results in a residual radial stress at the bond coat/TGO interface. Under the previous 
assumption that the defects do not grow in size, i.e. Y and c remain constant, the development 
of the residual radial stress as a function of time becomes the relevant parameter.  
As shown on the following pages the life-time behavior of the investigated EB-PVD TBC 
systems under the isothermal and thermal cyclic loading may be rationalized by this approach. 
However, it should be noted that fluorescence spectroscopic investigation of [169] did not 
reveal major changes in TGO stress versus exposure time. 
Fig. 5.3 shows a schematic illustration of a segment of the cylindrical TBC specimens. The 
red arrows indicate the assumed residual tensile stresses at the bond coat/TGO interface. 
 
Figure 5.3 -  Segment of cylindrical specimen with TBC 
The radial stress of the multilayer system is a function of mechanical properties (CTE, 
Young´s modulus), thickness of the layers di, curvature radius r
m and Temperature of ductile-
to-brittle transition and can be expressed in general terms by 
),/1,,,,,( RTDBTT
mTGOTGOiiiradial
c TrEdEdf     (5.3) 
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Index i  relates to the layers of the TBC system, i.e. substrate, bond coat or ceramic top coat. 
In the present model in-plane stresses are not considered, thus the following simpified 
relationship can be proposed for the critical radial stress: 
    m
TGO
cradial
c r
d
A      (5.4) 
Where A contains all dependencies of c radial
 from the physical and geometrical parameters 
except TGO thickness and specimen radius. The TGO thickness has a dependence given by: 
nnTGO
c tRT
Q
Ctkd  )exp(    (5.5) 
Where t is the oxidation time, k - the oxidation rate constant and n - the oxidation rate 
exponent [154], Q – the activation energy of the TGO growth, R – universal gas constant. 
From the Eq. 5.4 and 5.5 a critical radial stress can be expressed by: 
nmradial
c tRT
Q
CrA   )exp(    (5.6) 
The equation allows comparison with the experimental life time results. 
Taking the logarithm of expression (5.6) the oxidation time can be evaluated as: 
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    (5.7) 
Fig. 5.4 shows a graphical interpretation of Eq. 5.7. Life time is plotted as a function of 
inverse temperature and of specimen radius. For the specimens with the same geometry, i.e. 
radius, a shorter life time is expected at higher oxidation temperatures and vice versa. The 
slope in the ln t – 1/T diagram is defined as Q/(n·R). Similarly at a certain temperature the 
specimens with smaller radius have a shorter predicted lifetime, compared to that of the 
specimens with larger radius. The lower the oxidation temperature is, the shorter the expected 
lifetime. The slope of ln t – ln r equals m/n. 
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r = const T = const
 
Figure 5.4 – Life time of EB-PVD TBCs as a function of temperature and specimen radius 
The experimental results for isothermal and cyclic oxidation of the EB-PVD TBC specimens 
are plotted in Fig. 5.5. The data reveal no major difference between the isothermal and the 
cyclic oxidation tests. The measured data clearly show the trend predicted by the analytical 
model. The experimental slope in the ln t - 1/T plot is approximately the same for the 
specimens with different diameter and thus independent of specimen radius. Thus the pre-
factor of the temperature term can be deduced as 
53300
Rn
Q
    (5.8) 
 
Figure 5.5 – Life time of EB-PVD TBCs as a function of normalized temperature 
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With an activation energy Q for TGO growth, calculated from an Arrhenius plot of the 
parabolic growth constants are reported to be 139 kJ/mol [170] the TGO growth exponent can 
be estimated. A reasonable value of the growth exponent n  0.3 is obtained for the alumina 
TGO scale. The same exponent of 0.3 was experimentally determined after cyclic oxidation of 
APS TBCs (see section 4.1). Note that the critical TGO thickness at failure should be identical 
after oxidation at different temperatures. It is also important to mention, that the present 
analytical calculations are derived for specimens with the same radius. But Eq. 5.7 also 
predicts how the radius enters in the life time. 
Fig. 5.6 shows the radius dependence of lifetime for both isothermal and cyclic oxidation 
experiments of the EB-PVD TBC samples. Again no significant difference is observed 
between the isothermal and cyclic loading modes. The data can be fitted to curves which have 
approximately the same slope: 
67.0
n
m
 
Using a TGO growth exponent of n  0.3 the contribution of the specimen radius to lifetime 
follows a power law with the exponent m  0.2. 
 
21
 
Figure 5.6 – Life time of EB-PVD TBCs as a function of specimen radius 
Thus life-time results, obtained from isothermal and cyclic oxidation experiments of the EB-
PVD TBC specimens with different geometry and various maximum temperature were 
successfully described using the analytical model, based on the fracture mechanical approach. 
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However additional microstructural investigation is required in order to validate the described 
above model. 
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6 CONCLUSIONS 
In order to analyze the mechanical behavior of TBCs under thermal cyclic and isothermal 
loading, TBC systems with two different types of PYSZ-ceramic top coatings, deposited by 
EB-PVD and APS techniques were investigated. A single phase (Ni,Pt)-aluminide was 
selected as the protective bond coat for the former multilayer system, whereas NiCoCrAlY 
was chosen for the latter one.  
 
Cyclic oxidation of APS TBCs with 20 min and 2 hours of dwell-time at 1050°C resulted in 
crack formation and propagation, which finally led to macroscopic delamination of ceramic 
top coat. Oxidation kinetics was quantitatively analyzed, based on the TGO growth over the 
HT exposure time.  
 
After isothermal oxidation of up to 10000h the APS TBC system at 1000°C revealed no 
failure. However, as main factors affecting TBC delamination, the crack development and 
TGO growth were also systematically analyzed similar to the cyclic oxidation experiments,.  
 
Isothermal and cyclic oxidation experiments with EB-PVD TBC systems were carried out at 
slightly higher maximum temperatures up to 1130°C. In addition to the exposure temperature 
variation, the influence of specimen radius on the life time of the multilayer system was 
investigated. Almost all specimens failed after certain time at room temperature or during the 
cooling phase. Since microstructural analysis of the specimens coated with EB-PVD TBC was 
not performed due to the proprietary interest of the specimens supplier, established novel non-
destructive characterization methods were applied in order to investigate failure mechanisms: 
 
 Thermal strains at the surface of the EB-PVD TBC system were obtained by means of 
grey scale analysis during cooling phase of the cyclic oxidation experiments. However the 
method was found to be not accurate enough to indicate local delaminations from the 
difference between thermal expansion behavior of metal and ceramic coating, especially in 
lower temperature range.    
 
 Environmentally assisted subcritical crack growth phenomena were observed during the 
systematic analysis of the delamination progress at room temperature (desktop effect) by 
means of infrared thermography. The measured data of crack velocity agreed reasonably 
well with experimental data obtained by Evans for subcritical crack growth of alumina in 
air with 50% relative humidity. 
 
The residual stress distribution in a multilayer system with EB-PVD TBC on top was 
measured from curvature experiments. The tests were carried out on two different types of 
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equipment: high temperature telescope system and optical fleximeter. Additionally, the 
thermoelastic behavior of the EB-PVD TBC system as well as residual stresses were modeled, 
basing on the main principles of bending theory. Experimental results show a relative good 
agreement with calculated theoretical values in the elastic regime, i.e. below the approximate 
DBTT.  
 
In order to describe experimental life times obtained for isothermal and cyclic oxidation of 
EB-PVD TBCs, an analytical approach was proposed, based on the assumption that TBC 
failure occurs when a critical radial stress intensity developed at the TGO/bond coat interface. 
The measured time to failure fitted fairly good to the modeled life time as a function of 
specimen radius and temperature. 
 
Finally, different damage mechanisms were proposed after comparison of the investigated 
APS and EB-PVD TBC systems. Thus failure of APS TBCs was affected by the formation 
and evolution of microcracks, TGO growth and interdiffusion processes, which were 
systematically monitored. In contrast, EB-PVD TBC systems failed spontaneously during 
cooling to RT or even after some time at ambient temperature due to stable crack growth 
driven by residual stress.  
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